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CHAPTER 1: INTRODUCTION
1.1 Background
At present, wood preservation facilities use a variety of chemical
formulations to preserve lumber, including organic compounds such as
pentachlorophenol (PCP) and metals mixtures such as chromated copper arsenate
(CCA) and ammoniacal copper zinc arsenate (ACZA). CCA protects wood from
decay and increases its life expectancy by five times or more over that of untreated
wood (EPA, 1 997a). After impregnating the wood with a CCA solution under high
pressure, the metal compounds are fixed to the cell walls of the wood matrix.
Substantial amounts of CCA remain in the wood for many years (Helsen and Van
den Buick, 2000). The American Wood Preservers Institute reported that in 1995,
138 million pounds of CCA were used for wood preservation in the United States
(EBN, 1997).
The metal ions in CCA, CrO, Cu2, and AsO, have been found in
contaminated surface and subsurface soils and groundwater nearbysome wood
preservative facilities, which are thought to result from leaking storage tanksor
pipes, contamination from dry-well disposal areas, or on-site spills (EPA, 1 997b).2
Current CCA contaminant remedial technologies include excavation, treatment,
and off-site disposal for the contaminated soil, and onsite pump-and-treat for the
contaminated groundwater (EPA, I 997b). A lower cost alternative technology such
as an in-situ permeable barrier composed of zero-valent iron (Fe°) successfully
removed most hexavalent chromium in a contaminated groundwater (EPA, 1999).
Contaminant metals are removed from the aqueous phase by adsorption and
precipitation onto soil minerals. Iron oxides are a ubiquitous soil-coating
constituent and are believed to be a main factor in controlling the transport and fate
of many metals in the soil solution (Benjamin and Leckie, 1980; Cowanet al.,
1990; Evans, 1989).
Iron oxide minerals are formed in natural environments by weathering of
primary rock and oxidation of ferrous iron species. Depending on ambient
conditions, several different iron oxides may be formed, e.g. goethite, hematite, and
ferrihydrite. In comparison to other soil minerals, iron oxides have relatively high
surface area and surface charge and often control free metal concentrations in soils.
Metal adsorption on synthetic iron oxides has been examined in detail in an effort
to model adsorption processes at natural oxide/water surfaces and to determine the
affinities and adsorption capacities of the oxides for different metal adsorbates
(Benjamin and Leckie, 1981; Hayes and Leckie, 1987; Zacharaetal.,1987; Hayes
et al.,1988; Azizian and Nelson, 1999). A synthesized iron-oxide-coated sand
adsorbent was experimentally used to successfully remove uncomplexed and
ammonia-complexed cationic metals (Cu, Cd, Pb, Ni, Zn) as well as someoxyanionic metals (Se03, As03) from simulated wastes and waste streams over a
wide range of metal concentrations (Edwards and Benjamin, 1989).
Understand and possibly predict the fate and transport of Cu(II), Cr(VI),
and As(V) in single or multi system the subsurface would be very great advantage
for planning and designing the remediation of those contaminants. The use of
equilibrium adsorption parameters to simulate adsorption behavior in subsurface is
widely implemented. For nonlinear adsorption partitioning, empirical conditional
isotherms (e.g., Freundlich isotherm) are commonly employed, but since isotherm
parameters vary with changing solution composition (e.g., pH or ionic strength),
extensive data sets are required.
Surface complexation models have been shown to be capable of describing
metal ion adsorption by heterogeneous mineral surfaces over a wide range of
solution conditions (Wenetal.,1998; Westalleta!,1995). The most widely
adapted SCMs are the constant capacitance model (CCM), the diffuse layer model
(DLM), and the triple layer model (TLM). Which of the SCMs is the most
appropriate in describing chemical adsorption processes in natural environments
has not been ultimately determined (Wenet al.,1998; Westall, 1987; Dzombak and
Morel, 1990). Nevertheless, the TLM, which distinguishes between weakly-sorbed
ions and strongly-sorbed ions, accurately describes both anion and cation
adsorption with different electrolyte background concentrations (Hayes and Leckie,
1987), while adsorption of individual divalent cations normally is well described
using the DLM (Dzombak and Morel, 1990; Benyahya and Gamier, 1999).Currently, SCMs are formulated based on the electrostatic model of the electric
double layer.
Recent advances in surface complexation modeling have shown that it is
possible to describe adsorption of single solutes to multisite adsorbents using a
model without an electrostatic term (Westallet al.,1995). This model is also
applicable to multisolute adsorbate-adsorbent systems, and could be used to
describe adsorption of mixed-metals (e.g., chromate, arsenate, and copper) to
heterogeneous surfaces (e.g., iron-oxide-coated sand).
Simulation of the transport and fate of heavy metals through porous media is
more easily accomplished through the assumption of local equilibrium rather than a
rate limiting control between metals and the porous media.
However, if the transport of a solute is relatively faster than its equilibrium
sorption reaction, sorption nonequilibrium (physical andlor chemical) may occur
which can result in erroneous if transport predicted by the local equilibrium
assumption model (Brusseauet al.,1989).
The mixed metals system chosen for this study is one primarily associated
with wood preservative facilities; chromated copper arsenate (CCA), but may be
expanded to include ammoniated copper zinc arsenate (ACZA), which isa wood
preservatives commonly applied to pilings and other wooden components in
highway construction and other settings. The different properties of these metals
will make the results useful for other combinations of mixed-metals wastes, forhi
example, solid waste leachate from incinerator bottom ash, mining wastes, smelting
slags, and municipal wastewater sludge.
1.2 Objectives
The main objective of this research is to investigate Cu(II), Cr(VI), and
As(V) adsorption behavior onto iron-oxide coated sand (IOCS) and their modelings
in both batch and column studies. The specific objectives of this researchare:
I. To investigate copper, chromate, and arsenate removal performance by
JOCS in single-metal systems.
2. To investigate the effect of competitive and/or additive among these metals
onIOCS.
3. To determine adsorption equilibria in single and multi-metal systems using
two surface complexation models: (i) Triple Layer Model (TLM) and (ii)
Electrostatic Implicit Model (ElM).
4. To investigate the modeling of the fate and transport of metals in
groundwater using the non-electrostatic surface complexation modelor we
called Electrostatic Implicit Model (ElM) to account for local equilibrium
adsorption.
5. To investigate the possible of nonequilibrium sorption during transport
and/or determine the nonequilibrium parameters.6. To verify the model by calibration with a copper, chromate, arsenate -IOCS
system.7
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594.CHAPTER 2: THEORETICAL ASPECTS AND LITERATURE REVIEW
2.1 Copper Adsorption
Divalent copper(Cu2)is the most common form of copper found in the
natural environment.Cu2forms complexes with many ligands (e.g., Off,CO32
NO3, or SO42). It has been suggested that copper toxicity inaqueous system may
be a function of the free ion concentration (Cu2) rather than of the totalcopper
concentration (Grosslet al., 1994).
Adsorption of copper onto oxide surfaces is strongly pH dependent,
increasing with increasing pH (Benjamin and Leckie,1981).Typically, there is a
narrow pH range where the adsorption increases from 0 to nearly 100% (Stumm,
1992).At neutral pH, almost 100% of copper will be boundto oxide surfaces
(Kooner,1992).Because of its adsorption insensitivity with variation of ionic
strength, Grossiet al. (1994),Kooneret al. (1995),and Bochatayet al. (1997),
concluded thatCu2formed an inner-sphere surface complex with the
water/goethite interface. Wanget al. (1997),and Wenet al. (1998),also
successfully modeled Cu adsorption on natural sediment usinginner-sphere surface
complex assumption.Cu2is more strongly adsorbed on Goethite and Hematite
than Zn2, Ni2, and Co2, as wellas being less soluble (Rose and Bianchi-
Mosquera,1993).The presence of anionic EDTA or cationic calciumreduced10
copper adsorption on vermiculite (Das and Bandyopadhyay, 1992). Benjamin and
Leckie (1981) found that competitive adsorption on amorphous iron oxyhydroxide
betweenCu2and Pb2, andCu2andCd2is weak. They concluded that the
surface of amorphous iron oxyhydroxide consisted of discretegroups of sites with
different binding characteristics and the preferred adsorption sites for Cd2,Zn2,
Cu2, andPb2were distinct from one another on this solid. Dalangetal.(1984)
found that copper adsorption on kaolinite slightly increased in thepresence of
fulvic acid.
2.2 Chromate Adsorption
Chromium exists in oxidation states ranging from 0 to +6. Trivalent
chromium (Cr(ffl)) is the most stable form of the oxidationstates. However,
hexavalent chromium or chromate (Cr(VI))can remain metastable for long periods
of time. Chromate has greater mobility and toxicity than its trivalent form.Under
aerobic conditions and total chromium concentration lower than10 mM., chromate
exists as H2CrO4, HCrO4, and Cr042, with the pKa of 0.86 and6.51.
Under acid condition and total chromium concentrationgreater than 10
mM, HCrO4 polymerizes to form dichromate, Cr2073, with thepK of 1.54.
Chromate adsorption is pH dependent with greater adsorption inlower pH
ranges (Aoki and Munemori, 1982; Zacharaet al.,1987; Zacharaetal.,1989).
Adsorption of hexavalent chromium isa surface complexation reaction between11
aqueous chromate and hydroxyl-specific surface sites. Major cations (K,Ca2,
and Mg2) have little influence on chromate adsorptionon amorphous iron
oxyhydroxide (Zachara etal., 1987). However, thepresence of cationic heavy
metal ions such as Cd2, Pb2, Cu2, andZn2increases chromate adsorption on
iron(ffl) hydroxide, due to the increase in positive chargeon the surface by the
specific adsorption of metal ions and the increase in adsorption sitesby
coprecipitation between the metal ions and the surface (Aoki and Munemori,1982;
Benjamin, 1981). Sorption of heavy metal-chromate complexes (e.g.,copper-
chro mate) has not been reported. An increase in ionic strengthdecreases the
adsorption of chromate (Davis and Leckie, 1980; Hayes, 1988).Mesuere and Fish
(1992) reported a downward shift of pH5o (pH correspondingto 50% adsorption)
for chromate adsorption on Goethite by 0.5 pH unit whenchanging ionic strength
from 0.01 M to 0.5 M. The presence ofcommon anions (C1, NO3, P043, and
S042) normally reduces chromateadsorption (Aoki and Munemori, 1982; Raiet
al., 1986; Zachara etal., 1987; Zachara etal., 1989, Azizianand Nelson, 1993),
indicating that chromate sorbed on iron-oxide surfacesforms an outer-sphere
surface complex. Mesuere and Fish (1992) evaluatedboth inner-sphere and outer-
sphere surface complexation for chromate adsorptiondata on goethite and found
the optimization of outer-sphere parameters consistentlyyields better fits.
However, recent spectroscopic dataon chromate adsorption on homogenous
iron oxide surfaces (goethite, Fendorfet al.,1997; hydrous iron oxide, Hsia etal.,
1993) suggested, on the other hand, chromateformed an inner-sphere complexation12
with the oxide surface. Weerasooriyaet al., (2000)found that the inner-sphere
complex assumption described chromate adsorptionon goethite reasonably well.
Our studies of chromate adsorption on heterogeneous IOCS adsorbent,
however, still showed significant shifts in chromate adsorption edges withvariation
of ionic strength, and the optimization of the outer-sphere surfacecomplexation
parameters yields better fit than the inner-sphere ones. For thesereasons, in this
study, we assumed only outer-sphere surface complexation for chromate.
2.3 Arsenate Adsorption
In natural waters, at a high redox potential, arsenic is found in the formof
arsenate species (H3AsO4, H2AsO4, HAsO42, As043), where the oxidationstate of
arsenic is +5. At lower redox potential, arsenite species (HAsO2,As02), where the
oxidation state is +3, becomes stable.
Arsenic acid haspKavalues of2.2, 6.9,and 11.5, so the predominant
species in most natural waters should beH2AsO4and HAsO42. Arsenous acid,
which has apKaat9.2,should be found mostly as HAsO2 and As02.
The adsorption of both arsenate and arseniteare strongly pH dependent
(Pierce and Moore,1982;Manning and Goldberg,1997).Ghosh and Yuan(1987)
found that maximum adsorption of arsenate by hydrousalumina occurred at pH 5,
while maximum adsorption of arsenite by thesame material occurs at pH8.
Adsorption of both arsenite and arsenateon amorphous iron hydroxide gradually13
decreases with increasing pH from 4 to 9 (Pierce and Moore, 1982). Ferguson and
Anderson (1974) found that the adsorption of arsenite and arsenateon iron
hydroxide and aluminum hydroxide at i0- i0 M in the pH range of 6.0-7.5
followed the Langmuir isotherm. Many studies carried out later found the
Langmuir isotherm was obeyed for arsenate adsorptionon oxide surfaces
(Anderson et al., 1976; Gupta and Chen, 1978; HoIm eta!, 1979; Pierce and
Moore, 1982). Adsorption of arsenate onto metal oxide surfaces is believedto
occur on the surface plane, forming an inner-sphere surface complex (Hayes and
Leckie, 1987). Consequently, adsorption of arsenateon metal oxide surfaces is
independent of ionic strength (Hayes et al., 1988). Many recent spectroscopic
evidences on homogenous oxide adsorbents confirmed the inner-spherecomplex
adsorption of arsenate (amorphous aluminum and iron oxides, Goldberg and
Johnston, 2001; y-Al203, Arai etal., 2001; goethite, Fendorfet al.,1997; goethite,
akageneite and lepidocrocite, Waychunas etal., 1993). Livesey andHuaug (1981)
concluded that soluble arsenate was controlled by adsorptionreactions in soils,
rather than through the precipitation of arsenate compounds. Thepresence of
arsenate generally increases adsorption of trace metal cationson amorphous iron
oxyhydroxide, although anion adsorption sitesare physically and electrically
isolated from cation adsorption sites (Benjamin and Bloom,1981).14
2.4 Surface Complexation Models
Surface complexation models (SCMs)are capable of simulating the
experimentally observed acid-base titration properties of metal oxide minerals.
They are also capable of simulating the adsorption ofaqueous solution species as a
function of pH, solute concentration, and ionic strength (Hayeset al., 1991). SCMs
have been successful in describing the adsorption of both cations and anionsonto
pure mineral phases (Stumm et al., 1970; Hayes and Leckie, 1987; Hayes etal.,
1988). Some recent studies show that SCMs also successfully simulatemetal
adsorption on environmental sediments and soils (Wang et al., 1997;Wen etal.,
1998; Zachara etal., 1989; Goldberg etal., 1999a; Goldberg, 1999b;Goldberg et
al., 2000). Current SCMs were formulated basedon the electrostatic model of the
electric double layer (Westall, 1986). The three most widely adaptedSCMs are (1)
constant capacitance Model (CCM), (2) diffuse layer model (DLM), and (3)triple
layer model (TLM).
With chemical heterogeneity in soil and sediment in naturalsystems, there
may be binding sites that differ in their intrinsic chemical affinity for the binding of
protons and other ions (Kinniburgh etal., 1998). Wang et al.(1997), andWen et
al.(1998) successfully used various SCMs to describe divalentcation adsorption on
several natural sediments Azizian and Nelson (1993)successfully used the TLM
with two different types of surface sites to model theadsorption of Cr (VI) on a
natural soil.15
The non-electrostatic SCM, which excludes the electrostaticterms from the
mass law equation for surface equilibria, is the simplest SCM (Davis and Kent,
1990). The non-electrostatic SCM treats adsorption of ions to the surface similarto
complexation with ligands in solution. The non-electrostatic SCM hasnot been
used often to simulate metals adsorption in systems with well-characterized mineral
phases. However, interest in this approach has recently renewed because the
complexities involved in applying the SCM to natural minerals (Davis and Kent,
1990).
It is usually not possible to assign the appropriate electrostaticterm for the
electrostatic SCM for the soils and sediments in the natural systems dueto their
complex heterogeneity (Daviset al.,1998). As a result, many researchers argued
that the non-electrostatic SCM would be the most appropriate for theenvironmental
application due to its simplicity and practicaluse (Davis and Kent, 1990; Kohleret
al.,1996; Morrisonetal.,1995; Daviset al.,1998; Fulleretal.,1996).
Cowenet al.(1991) investigated the electrostatic triple-layer model andthe
one-site non-electrostatic model to describe the competitiveadsorption of cadmium
and calcium onto the amorphous iron oxide. They found thenon-electrostatic
model better simulated the shape of the measuredCd2withCa24adsorption edge
at all ionic strengths. Van Benschotenetal.(1998) showed that a non-electrostatic
surface complexation model could be used to accuratelydescribe the adsorption of
the divalent cation Pb (II) on goethite, 'y-A1203, amorphoussilica, and a sandy soil.
However, no work on surface titration data using the non-electrostaticmodelamong these adsorbents was mentioned. Westallet. al.(1995) proposed a discrete
log K model, which successfully described bindingof Co(ll) onto assumed multi-
discrete-sites of humic acid overa wide range of solution composition. This model
did not include an explicit electrostaticenergy term, but the term was included
implicitly in counterion binding constants.
Recently, many researchers had attemptedto use non-electrostatic surface
complexation model to describe the adsorption of radioactivemetals. Del Neroet
al.(1998) successfully modeled the adsorption ofneptunium (V) as functions of pH
and Carbonate concentrationon hydrargilite using non-electrostatic SCM. Kohier
et al.(1996) used the two-site non-electrostatic SCMto describe the adsorption of
uranium(VI) on quartz grains in the batch and columnstudies
SCMs have been successfully used to describe theadsorption of single-metal
ions onto the oxide surface (Stummetal.,1970; Hayes and Leckie, 1987; Hayeset
al., 1988; Dzombak and Morel, 1990; Cowenetal.,1991; Azizian and Nelson,
1999). Predicting sorption in multi-solutesystems by using single-solute SCM
constants has not been widely investigated. Some studiesyielded promising results
(Cowanetal.,1991; Mesuere and Fish, 1992; Au and Dzombak,1996), but others
were of limited success (Balistrieri and Murray, 1987; Balistrieriand Chao, 1990;
Hawkeetal.,1989). Study investigators have suggestedthat the accuracy of model
predictions in multi-solute adsorptionsystems depends on adsorption density
(Mesuere and Fish, 1992) andmay also be influenced by the heterogeneous surface
and the formation of complexesor solid phases that do not exist in single solute17
systems (Benjamin, 1983; Ballstrieri and Chao, 1990;Mesuere and Fish, 1992; Mi
and Dzombak, 1996).
2.5 Formulation of the Triple Layer Model(TLM) and the Electrostatic
Implicit Model (ElM)
The Triple layer Modelstructure and charge-potential relationshipsare
shown in Figure 2.1 (Taken from PetersonetaL, 1987). The first layer is the
surface plane for adsorption of H, OH, andstrongly-adsorbed ions (the o-plane).
The second layer is the near-surface plane forweakly-adsorbed ions (the13 plane)
and the third layer is the diffuse layer plane.The TLM model has this advantage in
distinguishing between the weakly-absorbed andstrongly-absorbed ions, which
sorbs onto different surface planes (Hayes,1987).
The ions can be adsorbedon both the o-plane and the 13-plane. Complexes
those formed at the o-planeare considered inner-sphere surface complexes; those
formed at the 13- planeare considered to be outer-sphere surface complexes.The
effect of ionic strengthon the activity coefficient ratios is directly relatedto the o-
plane potential or the 13-plane potentialor both and therefore depends on surface
complexes. Since the outer-sphere surfacereactions have a direct dependenceon
the 13-plane potential, their activitycoefficient ratios aremore directly influenced
by ionic strength (Azizianetal.,1993).Schematic of
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Figure 2.1 Structure of the triple layer model showingsurface species and surface
charge-potential relationships [Taken from Petersonet al. (1987)).19
The activity of the adsorbing ions is influenced by theelectrostatic potential
at and near the surface. The ion activity in the bulk solution and the ion activity
near the surface are related through the columbic term:
{X } = {Xz (2.1)
where z = charge of ion X,
X = ion X near the surface,
X = ion X in the bulk solution,
F = Faraday's constant,
w = surface potential,
R = ideal gas constant, and
T = temperature in Kelvin.
Example of surface reaction andmass action expressions for the adsorption
of divalent cation, M2, at the 13 plane is givenbelow.
= SOH + M= = SO - W + H (2.2)
{H} =
LRT)] (2.3)
flF'ul {M} ={M2+)[exp(
RTJj
(2.4)20
So the equilibrium surface expressioncan be written as follows:
(= SO -M+}{H+}FexP( 'oFJ1
K{=SO-M}{H} [ RT
j(25) {=SOH}{M}
2+}[(F'12
{=SOH}{Mexpi II
RT)J
For the Electrostatic Implicit Model or ElM, which basedon multi-site on
the surface assumption. The ElM treats adsorption by incorporatingonly one
adsorption plane for all ions and places the electrostaticterm into equilibrium
constants for two sites, =S3OH and =S2OH. The ElM treats adsorption ofions to
the surface similar to complexation with ligands in solution.So for the same
reaction as above, the ElM surface complexation expressionare given below:
K1
{=S1O-M}{H}{=S1O-M}{H)
,and
{= S1OH}{M2} {= S1OH}{M2)
K{=S2O-M){W){=S2O-M}{H}
2
=S2OH)(M2} (= S2OH}{M2}
(2.6)
(2.7)
The computer program, FITEQL4, (Herbelinand Westall, 1999) was used
to determine the surface complexation constant for metalsadsorption in single and
multi metals using both the TLM and the ElM.
2.6 Transport of Metals Through PorousMedia
Solute transport through soils isa significant process to plant nutrient
uptake, leaching of salts from the soil profile,wastewater renovation, and21
contamination of groundwater. Parameters, which influence solutetransport
through soils, are soil water velocity, soil solute adsorption-desorption
characteristics, chemical reactions and transformation by microorganisms(Selimet
al., 1976).
Simulation of the transport and fate of heavy metals throughporous media
is more easily accomplished through the assumption oflocal equilibrium
adsorption rather than a rate limiting control between metalsand the porous media.
For modeling the advective-dispersive transport of reactivechemicals in porous
media, the use of empirical conditional isotherms (e.g.nonlinear Freundlich
isotherm) is often seen.
Selim (1989) investigated Cr (VI) adsorptionon six types of soil. He found
that the advective-dispersive transport model integrated withthe nonlinear
Freundlich sorption isotherm provideda good description of Cr (VI) breakthrough
curves. Nonetheless, Freundlich model parameters in this studywere obtained by a
nonlinear least-squares parameter optimization schemeon the breakthrough curve
data, rather than from batch experiments.
Wangetal.,(1998) found that the Freundlich sorption isothermfrom batch
studies of divalent cation (Cd (II), Ni (II), and Sr (II))adsorption on soils was well
incorporated into an advective-dispersivetransport model and accurately simulated
the laboratory continuous flow colunmsystem at pH 6.22
However, the isotherms' parameters are conditional. Parameters forthe
isotherm vary while changing solution composition (e.g. pHor ionic strength).
Hence, extensive sets of data at varying pH and ionic strengthare needed.
SCMs represent surface chemical reactions witha set of quasi-
thermodynamic constants that are independent of changes in solutionconditions
(Hayesetal.,1991). Hence, a good derived set of parameters from SCMsresults is
valid over a range of pH of interest and also fora range of ionic strength. So the
use of parameters from SCMs for modeling the advective-dispersive transport of
metals in porous media would be likely to bemore flexible and useful for a wider
range of environmental conditions.
Smith (1998) developed a conceptual transport model forPb (II), which
incorporates the TLM. However, several simplificationswere made. Shen and
Nikolaidis (1997) successfully used the direct substitutionapproach to include the
TLM results of Cr(VI) adsorptionon soil in a solute transport model in ground
water.
Meeussenetal.(1999), integrated the SCMs of sulfate andproton
adsorption on goethite into the one-dimensionaladvective-dispersive transport
model and successfully predicted thetransport of sulfate through goethite column
with varying pH and ionic strength. Althoughno simplifications in their works
were made and results were quite promising, the model formulatedwas very
complicated and no chemical or physical non-equilibriumassumptions were23
allowed. Similar approach had been used for malonate by Filiuset al.(1999) and
fluoride by Meeussenetal.(1996).
Kohleret al.,(1996) used the two-site non-electrostatic SCM to describe the
adsorption of uranium(V1) on quartz grains in the batch and columnstudies. The
independently derived batch surface complexationconstants did not accurately
predict the column breakthrough data.
Overall, the application of numerical models that incorporatenonlinear
sorption is still largely limited to theoretical investigations andlaboratory
experiments (Zheng and Bennett, 1995).
Asymmetrical shape and long-tailing behaviors of breakthroughcurves of
metals transport through the porous media have been reportedby many
investigators (Wang, 1998; Parker and Jardine 1986; Selim,1995; Kookanaetal.,
1994). Physical and chemical non-equilibriumprocesses can cause these nonideal
behaviors (Wang, 1998; Brusseau, 1994). Beinumet al.,(2000) investigated and
the transport of protons and calcium ions in Alginate gelbead system. They found
physical non-equilibrium, nonlinear sorption, andcompetition were very important
processes for transport in heterogeneous systems.
Local equilibrium behavior during solutetransport in porous media suggests
that the reaction between the solute and theporous media is instantaneous, or that
the residence time of water and solutes is largeenough for the solute to complete
the kinetically sorption process (Jardineet al.,1998).24
Jardine etal. (1988) reported an overestimation of theamount of inorganic
ions (i.e. Mg2, NH, and NO3) adsorbedon the column displacement experiment
when using adsorption isotherm generated from batch equilibriummethod. Similar
results obtained by Starr etal. (1985) when they found that the best-fitof the
retardation factors of Sr in column displacement experimentwere 2 to 3 times less
than the retardation factors obtained by batch methods. Plassardet al. (2000) found
the retention of Cd(H), Zn(ll), and Pb(II)were lower for columns than in batch.
Hodges and Johnson, (1987) studied the kinetics of sulfateadsorption/desorption
by Cecil soil and showed that a batch equilibrium isothermoverestimated the
sulfate adsorption capacity in column studies.
In contrast, Porro ci al. (2000) evaluated the linear distributioncoefficients
between strontium and basalt from batch and column studiesand found that the
linear distribution coefficients fitted from the columnstudies were significant
higher than from the batch studies. Barnettci al. (2000) studies the adsorption and
transport of U(VI) in soil and found that the local equilibriumassumption
dramatically underestimated the degree of retardationobserved in the column.
Similar results were found (Akratanakul etal., 1983;Miller etal., 1989).
In terms of physical processes, the validity of thelocal equilibrium
assumption depends on the degree of interactionbetween macroscopic transport
properties and microscopic physical properties.Often microscopic physical
properties impose a rate-limiting constrainton the transport of solutes in
heterogeneous soil system and deviations from localequilibrium occur (Jardine et25
al., 1998). This concept had led to the two-regionor bi-continuum model for solute
transport. The interaction of solutes between the various pore classes is usually
described by deterministic mathematical models that partition soilwater into
mobile macro- and mesopores (flowing region) and immobile micropores(stagnant
region) (Jadine, 1991). The approach in effectassumes that the pore-water velocity
distribution is bimodal: the advective-dispersivetransport is confined to only a
fraction of the liquid-filled pores, while the remainder of thepores has stagnant
water (e.g. dead-end pore water) (Selim and Wagenet, 1989). The sorptionrate is
then thought to be limited by the rate at which solutesare transport of diffusion
between the mobile and immobile region. This mobile-immobileapproach has been
used successfully to describe the nonideal behavior of solutetransport (van
Genuchten etal., 1977; Yasuda etal., 1994; Scum etal., 1987;Mansell etal.,
1988; Nkedi-Kizza etal., 1982).
For several heavy metals, retention/release reactions in soilshave been
observed to be strongly chemical kinetics (time-dependent) ofvarious reactions in
heterogeneous system. Selim et al. (1976) proposed the two-sitemodel based on
the observation of the batch results that showed rapidinitial retention reactions
followed by slower retention reactions (chemicalnon-equilibrium). The two-site
model is based on several simplifying assumptions. First,it is assumed that a
fraction of the total sites (referred toas type I sites) reacts rapidly with the solute in
soil solution. In contrast,we assume that type II sites are highly kinetic in nature
and react slowly and reversibly with the soilsolution. This model has beensuccessfully applied to evaluate solute transport throughporous media (Lordenet
aL, 1998;Wangetal., 1998;van Genuchten and Wagenet,1989;Aitfelderetal.,
2001; Jardineet al., 1985;Parker and Jardine,1986;Chu and Sposito,1981).
Brusseauet al. (1989)developed the flow interruption method to investigate
sorption non-equilibrium processes. When sorption non-equilibriumexists, flow
interruption on the adsorption front ofa breakthrough curve will result in a drop in
the effluent solute concentration. For physical non-equilibrium,a nonsorbing tracer
is used in the miscible displacement experiment. If there isa drop in tracer
concentration after a period of interruption of flow, physicalnon-equilibrium is
presumed to be present. In contrast, the absence ofa drop signifies the absence of
physical non-equilibrium. To investigate chemical non-equilibrium,perform a flow
interruption experiment with the solutes of interest. Thepresence of a drop in
breakthrough curve, in conjunction with the absence ofa drop in the breakthrough
curve of the nonsorbing solute, signifies that the non-equilibrium mechanism is
related to the sorption process.
2.7 Modeling Approach for Transport of Metalsthrough IOCS Column: The
Local Equilibrium Model and The Two-siteNon-equilibrium Model
A general advective-dispersive transport model ofa reactive compound in
subsurface, steady-state flow, and local equilibriumcan be written as:
1=Dci ñôS
(2.8) x2n3x n?tWhere C is aqueous concentration of compound of interest (M U'),S is sorbed
concentration (ML'), D is dispersion coefficient(cm2h'), v isaverage darcy
velocity (cm h'), t is time, and x is the distance from injection point (cm).
(1) Equilibrium Transport Model
With the assumption of steady-state flow, and local equilibrium
following the Langmuir adsorption isotherm, the advective-dispersive
transport equation can be derived as follows;
Langmuir sorption isotherm;
abC
(2.9)
1+ bC
asas ac- (2.10) ôtac at
as ab
(2.11)
(H-bC)2
ab
(2.12) 2naxn (1+bC)2
as_abac
(2.13) ôt(1+bC)2
Rearranging gives
where,
R=D-- (2.14)
at &2
R-(l+''ab
n(1+bC)2) (2.15)
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(2) Non-Equilibrium Transport Model (Two-Site Model)
The two-site chemical non-equilibrium modelas first proposed by Selim
et al. (1976) assumes that there are two types of sites on the adsorbent.
For equilibrium sites (Se), sorption is instantaneous. For rate-limited
sites (Sk), sorption is strongly time-dependent.
where
abC
S=S.+Sk= (2.16)
(1+ bC)
abC S1(1+ bC) (2.17)
abC
Sk =(1f)
(1+ bC) (2.18)
ab
(2.19)
(li-bC)2
ôSk[ abC 1 - = aI (i
& L (1+ bC)Skj (2.20)
f= fraction of instantaneous sorption site
a = reversible first order sorption rate of type-2 sites (f')
Pb(e
(2.21)
flXfl\ at)
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(2.23)29
The solute transport simulation/parameters estimationcomputer program,
HYDRUS2D (Simunek etal., 2000), was used to simulate thetransport behavior of
metal with the equilibrium and the two-site non-equilibriumtransport models.2.8 References
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CHAPTER 3: COPPER, CHROMATE, AND ARSENATE ADSORPTION
ON AN IRON-OXIDE ADSORBENT: (1) ADSORPTION BEHAVIOR
3.1 Abstract
Competitive and/or additive adsorption among mixed metals is still not
widely quantified. The adsorption of one cationic metal ion, copper, and two
anionic metal ions, arsenate and chromate, in single-metal and multi-metalaqueous
solutions on iron-oxide-coated sand (IOCS) adsorbent over a pH range 3 to 8was
investigated. The additive and/or competitive adsorption effects among these ions
were reported. Copper adsorption increases with increasing pH. The presence of
arsenate in the solution slightly increases, while chromate has minimal effect, on
the amount of copper adsorbed. Chromate adsorption decreases with increasing pH.
With arsenate present in solution, chromate adsorption is significantly suppressed
over the pH range studied. In contrast, the presence of copper slightly increases
chromate adsorption. Similar to chromate, arsenate adsorption decreases with
increasing pH. The presence of chromate or copper does not affect the amount of
arsenate adsorbed over the range of concentrations in this study. Results are
interpreted in the context of the triple-layer model of the iron oxide surface.39
3.2 Introduction
At present, wood preservation facilities use a variety of chemical
formulations to preserve lumber, including organic compounds such as
pentachlorophenol (PCP) and metals mixtures such as chromated copper arsenate
(CCA) and ammoniacal copper zinc arsenate (ACZA). CCA protects wood from
decay and increases its life expectancy by five times or more over that of untreated
wood (EPA, 1997a). After impregnating the wood with a CCA solution under high
pressure, the metal compounds are fixed to the cell walls of the wood matrix.
Substantial amounts of CCA remain in the wood for many years (Helsen and Van
den Bulck, 2000). The American Wood Preservers Institute reported that in 1995,
138 million pounds of CCA were used for wood preservation in the United States
(EBN, 1997). The mixed-metal compounds in CCA have been found in
contaminated surface and subsurface soils and groundwater nearby some wood
preservative facilities, which are thought to result from leaking storage tanksor
pipes, contamination from dry-well disposal areas, or on-site spills (EPA, 1 997b).
Current CCA contaminant remedial technologies include excavation, treatment,
and off-site disposal for the contaminated soil, and onsite pump-and-treat for the
contaminated groundwater (EPA, 1 997b). A lower cost alternative technology such
as an in-situ permeable barrier composed of zero-valent iron (Fe°) successfully
removed most hexavalent chromium in a contaminated groundwater (EPA, 1999).
Contaminant metals are removed from the aqueous phase by adsorption and40
precipitation onto soil minerals. Iron oxides are a ubiquitous soil-coating
constituent and are believed to be a main factor in controlling the transport and fate
of many metals in the soil solution (Benjamin and Leckie, 1980; Benjamin, 1983;
Cowan et al., 1990; Evans, 1989).
In this study, we intend to use a heterogeneous surface adsorbent, IOCS, to
better resemble the heterogeneity facts in the real environment. With IOCS, we can
assume multisite on the oxide surface, and we then can evaluate the semi-empirical
adsorption model without electrostatic terms approach (Westall et al., 1995). The
objective of this study were to investigate (1) copper, chromate, and arsenate
removal performance by IOCS in single-metal systems, (2) the effect of
competitive adsorption of a strongly-sorbed anion, arsenate, on a weakly-sorbed
ion, chromate, on IOCS, (3) the effects of the presence of a strongly-sorbed cation,
copper, on adsorption of the oxyanions, chromate and arsenate, on IOCS, and (4)
the effects of pH on single and multi-metal adsorption on IOCS.
3.2.1 Iron-Oxide-Coated Sand (IOCS)
Iron oxide minerals are formed in natural environments by weathering of
primary rock and oxidation of ferrous iron species. Dependingon ambient
conditions, several different iron oxides may be formed, e.g. goethite, hematite, and
ferrihydrite. In comparison to other soil minerals, iron oxides have relatively high
surface area and surface charge and often control free metal concentrations in soils.
Metal adsorption on synthetic iron oxides has been examined in detail inan effort41
to model adsorption processes at natural oxide/water surfaces and to determine the
affinities and adsorption capacities of the oxides for different metal adsorbates
(Benjamin and Leckie, 1981; Hayes and Leckie, 1987; Zachara et al., 1987; Hayes
et al., 1988; Kooner, 1992; Nowack et al., 1996; Azizian and Nelson, 1999). A
synthesized iron-oxide-coated sand adsorbent was experimentally used to
successfully remove uncomplexed and ammonia-complexed cationic metals (Cu,
Cd, Pb, Ni, Zn) as well as some oxyanionic metals (Se03, As03) from simulated
wastes and waste streams over a wide range of metal concentrations (Edwards and
Benjamin, 1989).
3.2.2 Triple-Layer Model (TLM)
The structure of the TLM consists of (1) a surface plane for adsorption of
H, Off and strongly-sorbed ions, (2) a near-surface plane for weakly sorbed ions,
and (3) a diffuse layer plane, representing the closet distance of dissociated charge
(Davis and Kent, 1990). Complexes formed at the surface plane are considered
inner-sphere complexes; those formed at the near-surface plane are considered
outer-sphere complexes. The TLM has the advantage in distinguishing weakly
sorbed and strongly sorbed ions (Hayes and Leckie, 1987).
3.2.3 Copper Adsorption
Adsorption of copper onto oxide surfaces is strongly pH dependent,
increasing with increasing pH (Benjamin and Leckie, 1981). Typically, there isa42
narrow pH range where the adsorption increases from 0 to nearly 100% (Stumm,
1992). At neutral pH, almost 100% ofcopper will be bound to oxide surfaces
(Kooner, 1992). Because of its adsorption insensitivity with variation of ionic
strength, Grosslet al.(1994), Kooneretal.(1995), and Bochatayetal.(1997),
concluded thatCu2formed an inner-sphere surface complex with the
water/goethite interface. Wanget al.(1997), and Wenet al.(1998), also
successfully modeled Cu adsorption on natural sediment using inner-sphere surface
complex assumption.Cu2is more strongly adsorbed on Goethite and Hematite
than Zn2, Ni2, and Co2, as well as being less soluble (Rose and Bianchi-
Mosquera, 1993). The presence of anionic EDTA or cationic calcium reduced
copper adsorption on vermiculite (Das and Bandyopadhyay, 1992). Benjamin and
Leckie (1981) found that competitive adsorption on amorphous iron oxyhydroxide
2+ 2+ 2+ 2+ between Cu and Pb,and Cu and Cdis weak. They concluded that the
surface of amorphous iron oxyhydroxide consisted of discretegroups of sites with
different binding characteristics and the preferred adsorption sites for Cd2,Zn2
Cu2, andPb2were distinct from one another on this solid. Dalanget al.(1984)
found that copper adsorption on kaolinite slightly increased in thepresence of
fulvic acid.
3.2.4Chromate Adsorption
Chromate adsorption is pH dependent with greater adsorption in lower pH
ranges (Aoki and Munemori, 1982; Zacharaet al.,1987; Zacharaet al.,1989).43
Adsorption of hexavalent chromium is a surface complexation reaction between
aqueous chromate and hydroxyl-specific surface sites. Major cations (K,Ca2
and Mg2) have little influence on chromate adsorption on amorphous iron
oxyhydroxide (Zacharaet al.,1987). However, the presence of cationic heavy
metal ions such as Cd2, Pb2, Cu2, andZn2increases chromate adsorption on
iron(III) hydroxide, due to the increase in positive charge on the surface by the
specific adsorption of metal ions and the increase in adsorption sites by
coprecipitation between the metal ions and the surface (Aoki and Munemori, 1982;
Benjamin, 1981). Sorption of heavy metal-chromate complexes (e.g.,copper-
chromate) has not been reported. An increase in ionic strength decreases the
adsorption of chromate (Davis and Leckie, 1980; Hayes, 1988). Mesuere and Fish
(1 992) reported a downward shift of pH5o (pH corresponding to 50% adsorption)
for chromate adsorption on Goethite by 0.5 pH unit when changing ionic strength
from 0.01 M to 0.5 M. The presence of common anions (Cl, NO3, P043, and
S042) normally reduces chromate adsorption (Aoki andMunemori, 1982; Raiet
al.,1986; Zacharaetal.,1987; Zacharaetal.,1989, Azizian and Nelson, 1993),
indicating that chromate sorbed on iron-oxide surfaces formsan outer-sphere
surface complex. Mesuere and Fish (1992) evaluated both inner-sphere and outer-
sphere surface complexation for chromate adsorption dataon goethite and found
the optimization of outer-sphere parameters consistently yields better fits.
However, recent spectroscopic data on chromate adsorptionon homogenous
iron oxide surfaces (goethite, Fendorfetal., 1997; hydrous iron oxide, Hsiaet al.,44
1993) suggested, on the other hand, chromate formed an inner-sphere complexation
with the oxide surface. Weerasooriya et al., (2000) found that the inner-sphere
complex assumption described chromate adsorption on goethite reasonably well.
Our studies of chromate adsorption on heterogeneous IOCS adsorbent,
however, still showed significant shifts in chromate adsorption edges with variation
of ionic strength, and the optimization of the outer-sphere surface complexation
parameters yields better fit than the inner-sphere ones. For these reasons, in this
study, we assumed only outer-sphere surface complexation for chromate.
3.2.5 Arsenate Adsorption
The adsorption of both arsenate and arsenite are strongly pH dependent
(Pierce and Moore, 1982; Manning and Goldberg, 1997). Ghosh and Yuan (1987)
found that maximum adsorption of arsenate by hydrous alumina occurred at pH 5,
while maximum adsorption of arsenite by the same material occurs at pH 8.
Adsorption of both arsenite and arsenate on amorphous iron hydroxide gradually
decreases with increasing pH from 4 to 9 (Pierce and Moore, 1982). Ferguson and
Anderson (1974) found that the adsorption of arsenite and arsenateon iron
hydroxide and aluminum hydroxide at i0- i0 M in the pH range of 6.0-7.5
followed the Langmuir isotherm. Many studies carried out later found the
Langmuir isotherm was obeyed for arsenate adsorption on oxide surfaces
(Anderson et al., 1976; Gupta and Chen, 1978; Hoim et al., 1979; Pierce and
Moore, 1982). Adsorption of arsenate onto metal oxide surfaces is believedto45
occur on the surface plane, forming an inner-sphere surface complex (Hayes and
Leckie, 1987). Consequently, adsorption of arsenate on metal oxide surfaces is
independent of ionic strength (Hayes et al., 1988). Many recent spectroscopic
evidences on homogenous oxide adsorbents confirmed the inner-sphere complex
adsorption of arsenate (amorphous aluminum and iron oxides, Goldberg and
Johnston, 2001; y-A1203, Arai et al., 2001; goethite, Fendorf et al., 1997; goethite,
akageneite and lepidocrocite, Waychunas et al., 1993). Livesey and Huaug (1981)
concluded that soluble arsenate was controlled by adsorption reactions in soils,
rather than through the precipitation of arsenate compounds. The presence of
arsenate generally increases adsorption of trace metal cations on amorphous iron
oxyhydroxide, although anion adsorption sites are physically and electrically
isolated from cation adsorption sites (Benjamin and Bloom, 1981).
3.3 Experimental Methods and Materials
3.3.1 Experimental Approach
Adsorption experiments were conducted in batch reactors. The effects of p1-I
on single metal adsorption were examined. Mixed-metal systems experiments were
then investigated. The metals were grouped pair-wise in binary metal systems, and
were all combined in the three-metal system. Metals concentrations were varied to
investigate the competitive effect between metals, with ionic strength fixed at 0.05M for all systems. Table 3.1 provides a summary of the range of values of each
parameter studied. Soluble complexes of copper with chromate and arsenate are
weak or nonexistent and have been neglected in interpretation of experimental
results.
Table 3.1 Range of parameters values studied for copper, chromate, arid arsenate
adsorption on iron-oxide-coated sand (IOCS).
Parameters Range Concentration
IOCS (g/L) 20 g/L
pH 3-8
[Cu(II)] 0.01 mM
[Cr(VI)] 0.1-0.4 mM
[As(V)] 0.05-0.2 mM
3.3.2 Materials
Ottawa sand (99.5% Si02) with spherical grains of 20-30 mesh was used
for preparing IOCS.
3.3.3 JO CS preparation
IOCS adsorbent was synthesized according to Edwards and Benjamin
(1989). IOCS was prepared by dissolving 20g of Fe(NO3)3.9H20 in 50 ml double-
distilled water. The mixture was poured over 200g of sand and stirred thoroughly
by using a glass stir rod, and the sand was covered, stirred regularly, and placed in47
an oven at 110°C for 20 hours. After the sand mixture had been cooled, the grains
were then washed with double-distilled water until the effluent pH was near 7. The
washed IOCS was re-dried at 110°C for 4 hours to remove moisture. Theaverage
iron content was 3.63 mg Fe/g sand, and the N2-BET surface area was 68 m2/g
HFO (hydrous ferrous oxide) (Azizian and Nelson, 1999).
3.3.4 Chemicals
All chemicals used were analytical reagent grade. Glassware and plastic
ware were soaked for 24 hours in 10%I-1NO3and rinsed well with deionized water
prior to use.
3.3.5 Experimental Procedure
Batch experiments were conducted in 50 ml, screw-top plastic centrifuge
tubes. Metal solutions were purged with nitrogen gas for 30 minutes at low pH to
eliminate dissolved oxygen and carbonate as much as possible. After the solutions
containing desired metal concentrations and 1 g IOCS were added into the reactors
and solution pH was adjusted by 0.01 N NaOH or 0.01 N HC1, the reactorswere set
on a mechanical shaker under constant temperature (20°C) until reaching
equilibrium (24 hr for copper and 96 hr for chromate and arsenate). The reactors
were then centrifuged at 3,000 rpm for 15 minutes, and the centrate was analyzed
for dissolved metals and the pH value. The amount of metal adsorbedwas48
calculated by difference between initial and final dissolved concentrations, and the
adsorbed concentration was plotted versus pH to develop adsorption edges.
3.3.6 Analytical Methods
Metals concentrations were analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES, Varian Liberty 150). Solution pH was
determined potentiometrically (Orion Research pH meter Model 601 with Orion
Research grade AgIAgCl glass combination electrode).
3.4 Results and Discussion
3.4.1 Copper Adsorption on IOCS
Equilibrium adsorption of copper on IOCS as a function of solution pH is
shown in Figure 3.1. The amount of copper adsorbed varied from lower than 5%
around pH 3 to nearly 100% adsorbed above pH 6.5. This result was consistent
with other studies (Benjamin and Leckie, 1981; Kooner, 1992); Rose and Bianchi-
Mosquera, 1993; Grossl et al., 1994). The change in background electrolyte
concentrations had minimal effect on copper adsorption on IOCS, suggesting inner-
sphere complexation between copper and IOCS surfaces (Grossl et al., 1994).
Figure 3.1 also shows the results of how the presence of arsenate and/or
chromate affects the amount of copper adsorbed. The presence of arsenate49
statistically increased the amount of copper adsorbed at95%confidence level of p-
value of 0.04. Anionic arsenate forms an inner-sphere complex with the iron-oxide
surface as does copper, and the adsorbed arsenate altered the IOCS surface charge
to be more negative, and as a result the cationic copper adsorbed more. The anionic
chromate has minimal effect on copper adsorption on IOCS since it forms an outer-
sphere complex with the iron-oxide surface, which had significantly less effecton
the ions strongly adsorbed at the inner plane. In the three-metal system (copper,
chromate, and arsenate), the amount of copper adsorbed was similar to the two-
metal system of copper and arsenate. This confirms that the effect of arsenate and
chromate combined was approximately additive from each single-metal effect.
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Figure 3.1 % Copper adsorption on IOCS, and in thepresence of 0.1 mM chromate,
arsenate, or all metals combined, initial copper concentration of 0.01 mM in0.05 M
NaNO3 electrolyte, 20 gIL IOCS solution.3.4.2 Chromate Adsorption on JOGS
Figure 3.2 shows the adsorption of chromate as a function of pH. Chromate
adsorption on IOCS decreased with increasing pH. Chromate adsorption
statistically significant increased with copper present (Cu:Cr ratio of 1:10) at the
90% confidence level (p-value = 0.09), and decreased significantly with the
presence of arsenate (p-value = 0) (Figure 3.2). Azizian and Nelson (1993) found
that higher ionic strength resulted in less chromate adsorbed. This confirms outer-
sphere complexation of chromate on the iron-oxide surface. Benjamin (1983)
reported minimal effect of Cu on chromate adsorption unless total Cu exceeded 10
3M.
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Figure 3.2 % Chromate adsorption on IOCS, and in the presence of 0.01 mM
copper, 0.1 mM arsenate, or all metals combined, initial chromate concentration of
0.1 mM in 0.05 MNaNO3electrolyte, 20 g/L IOCS solution.51
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Figure 3.3 % Chromate adsorption on IOCS, and in thepresence of 0.05, 0.1, and
0.2 mM arsenate, initial chromate concentration of 0.1 mM in 0.05 M NaNO3
electrolyte solution, 20 gIL IOCS solution.
The competitive effect of strongly adsorbed arsenateon chromate
adsorption was further investigated. The molar ratios As:Cr of 2:1, 1:1, and 1:2
were used (Figure 3.3). Strongly adsorbed arsenate reduced the weakly adsorbed
chromate on IOCS by nearly 100% over the pHrange of 3 to 8 even at the As:Cr
ratio of 1:2. The fact that arsenate is strongly adsorbedon the inner plane and
chromate is adsorbed on the outer plane eliminates direct competition for
adsorption sites as an explanation. The effect results from the alteredelectrostatic
potential at the outer plane by the strongly adsorbedarsenate from the inner plane.
The drastic effect of competing anionson chromate adsorption by the oxide52
surfaces has also been reported by Raiet al.(1986) and Zacharaet al.(1987).
Similar results were also found in the two-metal system, copper and chromate. The
presence of the positively charged inner-sphere complex-forming copper slightly
increased the adsorption of the outer-sphere complex-forming chromate. However,
this effect was not found in reverse in this study. There was no effect of the outer-
sphere complex-forming chromate on the inner-sphere complexation adsorption of
either arsenate or copper (Figures 3.1 and 3.4), which is consistent with
electrostatic effects. Raiet al.(1986) and Zacharaet al.(1987) also reported that
millimolar concentrations of major cations such as K, Ca2, andMg2had only
slight enhancement effect on chromate adsorption. In contrast, chromate either
increases or has no effect on cationic metal adsorption (Cd2, Co2, Zn2) but
competition for surface sites is relatively small (Benjamin and Bloom, 1981).30
25%
220%
15%
U)
10%
5%
2.5
0.1 rrlvlAs(V)
+ 0.01 av1 Cu(II)
£ +0.1 ntvlCr(Vt)
+0.01 nfvICu(I&0.1 n*lAs(V)
3.5 4.5 5.5 6.5 7.5
pH
53
Figure 3.4 % Arsenate adsorption on IOCS, and in thepresence of 0.01 mM
copper, 0.1 mM chromate, or all metals combined, initial arsenate concentration of
0.1 mM in 0.05 M NaNO3 electrolyte solution, 20 gIL IOCS solution.
In the solution containing three metals (Cu, Cr ,and As), the chromate
adsorption edge was similar to that in the two-metal system of Cr and As.
However, the presence of copper slightly increased chromate adsorption in the
three-metal system relative to the two-metal system (Figure 3.2) at the 95%
confidence level of the p-value of 0.03, again consistent with the expected
electrostatic effects.54
3.4.3 Arsenate Adsorption on JOCS
Adsorption of arsenate on IOCS decreased with increasing pH (Figure 3.4).
The fact that ionic strength had minimal effect on adsorption on metal oxides
suggests that arsenate forms an inner-sphere complex on iron-oxide surfaces
(Ghosh and Yuan, 1987; Hayes etal., 1988).
The presence of copper (As:Cu molar ratios of 10:1) had minimal effect on
arsenate adsorption (Figure 3.4). The effect of copper on arsenate adsorption
would be more significant if the Cu concentration was higher, as the more positive
surface charge on the inner plane would result in more anionic arsenate adsorbed.
However, due to the very low solubility of copper at pH higher than 6, it was not
possible to get a complete adsorption edge at the higher concentrations of copper in
order to more clearly show this potential effect. Benjamin (1983) reported minimal
effect of Cu on oxyanion adsorption unless total Cu exceeded 1 0 M.
The presence of chromate at varying As:Cr molar ratios (1:2, 1:1, and 2:1) did
not affect arsenate adsorption on IOCS, even at the As:Cr molar ratio of 1:2. This
result is also consistent with expected electrostatic effects (Figure 3.5).55
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For the three-metal system, arsenate adsorption was very similar to its
adsorption in the two-metal or single metal systems. Again,copper concentration in
this study was limited by solubility and outer-sphere chromate complexation did
not affect inner-sphere arsenate complexation on IOCS. In general, interactive and
competitive effects between trace metal cations and oxyanions for adsorptiononto
iron oxyhydroxides is relatively unimportant, indicating that bindingoccurs at
distinct sites or planes on the heterogeneous surface (Benjamin and Bloom, 1981).56
3.5 Summary and Conclusions
Copper and arsenate form inner-sphere complexes with the oxide surface,
while chromate forms an outer-sphere complex. Copper adsorption on IOCS
showed typical cationic adsorption behavior on the iron-oxide surface, increasing
adsorption with increasing pH. The amount of copper adsorbed increased from
lower than5%around pH 3 to nearly complete adsorption above pH6.5.The
presence of arsenate slightly enhanced copper adsorption due to the more negative
surface charge at the inner plane by the adsorbed arsenate, while cbromate, which
adsorbed on the outer plane, did not alter the amount of copper adsorbed. Chromate
adsorption decreased with increasing pH. With arsenate present in solution,
chromate adsorption was significantly suppressed to nearly zero over the pH range
studied. In contrast, the presence of copper slightly increased chromate adsorption
onto IOCS. The arsenate adsorption edge was very similar to that of chromate, with
adsorption decreasing with increasing pH. The presence of chromate and copper
did not affect the amount of arsenate adsorbed over the range of concentrations in
this study.
Overall, the results of this study suggest that competitive and enhanced
adsorption effects are important and need to be considered in predicting the fate
and transport of metals mixtures. In particular, for CCA contamination in soils,
hexavalent chromium (chromate) will be highly mobile due to competitive
adsorption by arsenate, copper mobility will be reduced by the enhanced adsorption57
effects of arsenate, and arsenate mobility will be little affected by thepresence of
chromate and copper.58
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CHAPTER 4: COPPER, CIIROMATE, AND ARSENATEADSORPTION
ON AN IRON-OXIDE ADSORBENT: (2) ADSORPTIONMODELING
4.1 Abstract
The competitive and additive effectson adsorption of copper, chromate, and
arsenate onto a heterogeneous iron-oxide coated-sand (IOCS) adsorbentwere
investigated. Two surface complexation models, the triple layermodel (TLM) and
an electrostatic implicit model (ElM), were used to simulate equilibrium adsorption
in both single-metal and multi-metalsystems. The electrostatic TLM requires only
one type of surface site, while the ElM, without explicit electrostaticterms,
requires two types of surface sites with different ion bindingaffinities in order to fit
the data. Simulations using the specific surface complexationequilibrium constants
derived from either the single-metalor the multi-metal systems with both the TLM
and the ElM were successful in fitting the adsorptiondata in that respective single
or multi-metal system. However, simulations with both models usingthe surface
complexation equilibrium constants derived fromthe single-metal systems were not
always successful in predicting adsorption inmulti-metal systems. The ElM for
each single-metal fit provides possiblesets of reaction combinations, which leadto
a universal set of reactions that can be used to fit the adsorptiondata, both in
single-metal and multi-metal systems. The correspondingset of "conditional"64
surface complexation equilibrium constants of the ElMsupport its application for
modeling the fate and transport of metals in complex environmentalsystems.
4.2 Introduction
The combination of copper, chromium, and arsenic salts, knownas chromated
copper arsenate, or CCA, is a commonly used biocide to preserve wood.
Groundwater contamination nearby wood preservative facilities hasbeen reported
to contain these three metals (EPA, 1997) and there is greatconcern for their
transport into aquifers. In chapter 2, we reported the adsorption behavioramong
these three metals in both single and multi-solutesystems onto the heterogeneous
Iron Oxide-Coated Sand (IOCS) adsorbent. In thispaper, modeling of such
adsorption data using equilibrium surface complexation models(SCMs) is
investigated.
The use of equilibrium adsorption parametersto simulate adsorption
behavior in groundwater is widely implemented. Fornonlinear adsorption
partitioning, empirical conditional isotherms (e.g., Freundlichisotherm) are
commonly employed, but since isothermparameters vary with changing solution
composition (e.g., pH or ionic strength), extensive datasets are required. Surface
complexation models have been shown to be capableof describing metal ion
adsorption by heterogeneous mineral surfacesover a wide range of solutionconditions (Wenetal.,1998; Westalletal.,1995). The most widely adapted SCMs
are the constant capacitance model (CCM), the diffuse layer model (DLM), and the
triple layer model (TLM). Which of the SCMs is themost appropriate in
describing chemical adsorption processes in natural environments hasnot been
ultimately determined (Wenetal., 1998; Westall, 1987; Dzombak and Morel,
1990). Nevertheless, the TLM, which distinguishes between weakly-sorbedions
and strongly-sorbed ions, accurately describes both anion and cation adsorption
with different electrolyte background concentrations (Hayes andLeckie, 1987),
while adsorption of individual divalent cations normally is well describedusing the
DLM (Dzombak and Morel, 1990; Wang, 1997; Benyahya and Gamier,1999).
Currently, SCMs are formulated basedon the electrostatic model of the electric
double layer.
A question that we wish to address is whether the observations andmodels
of metal adsorption on metal oxidescan be used to describe the adsorption and
transport behavior of a mixture of metals, including both cations and anions, ina
heterogeneous porous medium. Our current results fromadsorption of mixed
metals (copper, chromate, and arlenate)on iron-oxide-coated sand (IOCS) show
that equilibrium constants determined from single-solutesystems were not able to
predict adsorption from multi-metal systems using theTLM (Khaodhiaret al.,
2000). However, recent advances in surface complexationmodeling have shown
that it is possible to describe adsorption of singlesolutes to multisite adsorbents
using a model without an electrostaticterm (Westalletal.,1995). This model isalso applicable to multisolute adsorbate/adsorbentsystems, and could be used to
describe adsorption of mixed-metals (e.g.,copper, chromate, and arsenate) to
heterogeneous surfaces (e.g., IOCS). The focus of this researchwas to determine
adsorption equilibrium constants in single and mixed metalssystems using the
electrostatic triple layer model (TLM) and the semiempirical electrostaticimplicit
adsorption model (ElM) and to describe adsorption of the mixed-metals,copper,
chromate, and arsenate, in single, binary, and ternarysystems using these constants.
Surface complexation models (SCMs)are capable of simulating the
experimentally observed acid-base titration properties of metal oxide minerals.
They are also capable of simulating the adsorption ofaqueous solution species as a
function of pFI, solute concentration, and ionic strength (Hayesetal.,1991). SCMs
have been successful in describing the adsorption of both cations andanions onto
pure mineral phases (Stummetal.,1970; Hayes and Leckie, 1987; Hayesetal.,
1988). Some recent studies show that SCMs also successfullysimulate metal
adsorption on environmental sediments and soils (Wangetal.,1997; Wenetal.,
1998; Zacharaetal.,1989; Goldbergetal.,1999a; Goldberg, 1999b; Goldberget
al., 2000). Current SCMs were formulated basedon the electrostatic model of the
electric double layer (Westall, 1986). The electric doublelayer of a surface could
be viewed as the spatial distribution of free (electronic,or ionic) charges in its
neighborhood with one fixed-charge layer attachedto the solid surface, and charge
distributed in the liquid phase in contact with the surface(Stumm, 1992). Hence,
the energy of interaction ofan ion with the charged surface may be representedas67
the sum of a chemical energy term andan electrostatic energy term (Westall, 1980).
The three most widely adapted SCMsare (1) constant capacitance Model (CCM),
(2) diffuse layer model (DLM), and (3) triple layer model(TLM). For one
adsorbing cation such as Cu (II), the minimum possiblenumbers of all adjustable
parameters needed are 8, 5, and 4 for the TLM, CCM, and DLM, respectively
(Hayesetal.,1991).
SCMs represent surface chemical reactions witha set of quasi-
thermodynamic constants that are independent of changes insolution conditions
(Hayesetal.,1991). Hence, a good derived set of parameters fromSCM results is
valid over a range of pH values of interest and also fora range of ionic strength
values. The use of parameters from SCMs for modelingthe advective-dispersive
transport of metals in porous media would likely bemore flexible and useful for a
wider range of environmental conditions than theuse of the empirical conditional
isotherms constants (e.g., Freundlich isotherm constants).Meeussenetal.,(1996,
1999) included SCMs into the advective-dispersivetransport model to predict the
transport of fluoride (1996)1 Sulfate (1999) througha Goethite-silica sand system.
Both results were quite promising.
However, we rarely find a homogenous adsorbentphase in natural
environments. With chemical heterogeneity, theremay be binding sites that differ
in their intrinsic chemical affinity for thebinding of protons and other ions
(Kinniburghetal.,1998). Wangetal.(1997), and Wenetal.(1998) successfully
used various SCMs to describe divalent cationadsorption on several natural68
sediments. Wang et al. (1998) also developeda linear free energy relationship
(LFER) of divalent cations (e.g. Cu (II), and Pb (Ii)) relating thesurface
complexation constants to the metal oxide and TOC content in the sediments.
Azizian and Nelson (1993) successfully used the TLM withtwo different types of
surface sites to model the adsorption of Cr (VI)on a natural soil.
The non-electrostatic SCM, which excludes the electrostaticterms from the
mass law equation for surface equilibria, is the simplest SCM (Davis and Kent,
1990). The non-electrostatic SCM treats adsorption of ionsto the surface similar to
complexation with ligands in solution. The non-electrostatic SCMhas not been
used often to simulate metals adsorption insystems with well-characterized mineral
phases. However, interest in this approach has recentlyrenewed because the
complexities involved in applying the SCM to natural minerals(Davis and Kent,
1990).
It is usually not possible to assign the appropriate electrostaticterm for the
electrostatic SCM for the soils and sediments in the naturalsystems due to their
complex heterogeneity (Davis et al., 1998). Asa result, many researchers argued
that the non-electrostatic SCM would be themost appropriate for the environmental
application due to its simplicity and practicaluse (Davis and Kent, 1990; Kohler et
al., 1996; Morrison etal., 1995; Davis etal.,1998; Fuller et al., 1996).
Cowen etal. (1991) investigated the electrostatictriple-layer model and the
one-site non-electrostatic model to describe thecompetitive adsorption of cadmium
and calcium onto the amorphous iron oxide.They found the non-electrostaticmodel better simulated the shape of the measuredCd2withCa2adsorption edge
at all ionic strengths. Van Benschotenet al.(1998) showed that a non-electrostatic
surface complexation model could be used to accurately describe the adsorption of
the divalent cation Pb (II) on goethite,y-A1203,amorphous silica, and a sandy soil.
However, no work on surface titration data using the non-electrostatic model
among these adsorbents was mentioned. Fulleretal.,(1996) investigated theZn2
andPb2adsorption properties of natural sediment and found the non-electrostatic
SCM was adequate to describe the experimental data. Davisetal.,(1998) used
successfully the SCM without explicit electrostatic correctionterms approach to fit
the adsorption data ofZn2onto the sediment collected from an aquifer.
Westallet. al.(1995) proposed a discrete log K model, which successfully
described binding of Co(ll) onto assumed multi-discrete-sites of humicacid over a
wide range of solution composition. This model didnot include an explicit
electrostatic energy term, but the term was included implicitly incounterion
binding constants.
Recently, many researchers had attempted touse non-electrostatic surface
complexation model to describe the adsorption of radioactivemetals. Del Neroet
al., (1998) successfully modeled the adsorption of Neptunium(V) as functions of
pH and Carbonate concentration on hydrargilite usingnon-electrostatic SCM.
Kohleret al.,(1996) used the two-site non-electrostatic SCMto successfully
describe the adsorption of Uranium(VI)on quartz grains in the batch.70
SCMs have been successfully used to describe the adsorption of single-metal
ions onto the oxide surface (Stummet al.,1970; Hayes and Leckie, 1987; Hayeset
al.,1988; Dzombak and Morel, 1990; Cowenetal.,1991; Azizian and Nelson,
1999). Predicting sorption in multi-solute systems by using single-solute SCM
constants has not been widely investigated. Some studies yielded promising results
(Cowanetal.,1991; Mesuere and Fish, 1992; Ali and Dzombak, 1996), but others
were of limited success (Balistrieri and Murray, 1987; Ballstrieri and Chao, 1990;
Hawkeetal.,1989). Study investigators have suggested that theaccuracy of model
predictions in multi-solute adsorption systems dependson adsorption density
(Mesuere and Fish, 1992) and may also be influenced by the heterogeneoussurface
and the formation of complexes or solid phases that donot exist in single solute
systems (Benjamin, 1983; Ballstrieri and Chao, 1990; Mesuere and Fish, 1992; Ali
and Dzombak, 1996).
In this paper, we present comparisons between results using theTLM and the
proposed ElM to describe single and multi-metal (copper, chromate,and arsenate)
adsorption on IOCS. The use of the constants derived from thesingle-metal
systems to simulate multi-metal adsorption is also reported. Understandingthe
adsorption behavior of the mixed-metal system will greatlyhelp in predicting the
fate and transport of this contaminant system in the naturalsubsurface
environment.71
4.3 Modeling Approach
Experimental equilibrium adsorption data used for TLM and ElM modeling
were taken from the first paper in this series (Osathaphan et al., 200x). Both
single-metal and multi-metal systems were investigated for adsorptionon IOCS in
background electrolyte. Single-metal systems consisted of: 0.01mM copper, 0.1
mM chromate, and 0.1 mM arsenate. Two-metalsystems included: 0.01 mM
copper + 0.1 mM chromate, 0.01 mM copper + 0.1 mM arsenate, and 0.1 mM
chromate + 0.1 mM arsenate. The three-metal systemwas composed of 0.01 mM
copper +0.1 mM chromate +0.1 mM arsenate.
The TLM structure provides two planes for ionsto adsorb. Weakly sorbed
ions such as Na, NO3, orCr042will adsorb on the outer plane forming outer-
sphere complexes, while strongly sorbed ions suchas, lI, OH, As043, orCu2
will adsorb on the inner plane forming inner-spherecomplexes. For example, the
TLM outer plane adsorption reaction and correspondingequilibrium expression
(including electrostatic term) for Cr042are:
=SOH +Cr042+ 2H =SOH2-HCr04
KsoHc
[=SOH - HCr0]
[= SOHI [CrO }[H
]2exp(F(0Wp ) / Rfl
The ElM treats adsorption by incorporating onlyone adsorption plane for all
ions and places the electrostatic term into equilibriumconstants for two sites,
=S1OH (reaction shown below) and S20H. TheElM treats adsorption of ions to72
the surface similar to complexation with ligands in solution. The ElMadsorption
reaction and corresponding equilibrium constant expression for Cr0are:
=S1OH + Cr042 + 2}j= =S10H2-HCrO4
K [=S1OH2HCrO4]
S1OH2HciO4
[=S10H1[Cr0 ][H
2
Analogous adsorption reaction and equilibrium constant expressionscan be
written for the =S2OH site of the ElM.
Acid-base titration data of IOCS (Azizian and Nelson, 1999)were used to
obtain the surface acidity constants, the total site concentration (total S OH),and the
electrolyte binding constants with the computerprogram FITEQL4 (Herbelin and
Westall, 1999) for both the TLM and the ElM. Theseconstants were then used in
both models in order to determine the surface complexationconstants by fitting the
adsorption data (using FITEQL4) in single-metalsystems and in multi-metal
systems. Results are presented as "adsorption edge" simulations,or fraction of
metal adsorbed (%) vs. pH. The constants derived from thesingle-metal systems
were in turn used to simulate the adsorption of multi-metal systems. The main
indicator of model goodness-of-fit to the data is the overallvariance (V), which is
the weighted sum-of-squares of residuals divided bydegrees-of-freedom. Values of
V, less than 20 indicate a good fit to the expeiiaental data(Herbelin and Westall,
1999).73
4.4 Results and Discussion
Both the TLM and the ElM were used to simulate experimental datasets for
single-metal, two-metal, and three-metal systems. The TLM has the capability of
distinguishing between weakly adsorbed ions (on the outer plane) and strongly
adsorbed ions (on the inner plane). This resulted ina significant advantage for the
TLM in our study over other electrostatic adsorption models like the simpler
constant capacitance model (CCM) or double layer model (DLM) (results not
shown). The three metals considered were chromate, weakly adsorbedon the outer
plane, and copper and arsenate, strongly adsorbedon the inner plane. The
equilibrium constants for the surface acid-base reactions, the electrolytebinding
reactions, and the total surface site concentration for the IOCS adsorbentwere
obtained from Azizian and Nelson (1999). In this study,one,two,and three
possible surface complexation constants for reactions ofcopper, chromate, and
arsenate species, respectively, were considered as parameters for the TLM. The
equilibrium expressions for these metals' adsorption reactionsare listed in Table
riii74
Table 4.1 TLM equilibrium expressions for surface complexationreactions and
optimized model constants for IOCS.
surface acidity and electrolyte binding log K'
(1)[=SOH2] =[=SOHJ{}T']exp(F(i0)IRT)K 6.12
(2)[=SO][=SOH[H4'exp(FvJRT)K -10.74
(3)[=SO-Na4] = 6.87
(4)[=SOH2-NO3]=[=SOHJ [NO3] [H]exp(F(po)/RT)K -8.94
metals adsorption
(5)[=SOCui=[=SOH] çv0)IRT)K
(6)[=SOH2tHCrO4]= [=SOHJ[Cr042][H] 2exp(F( ivp- 0)/RT)K
(7)[=SOH2-CrO42]= [=SOHJ[Cr042][Hexp(F(2i,Vfi-v0)fRT)K
(8)[=SH2AsO4]=[=SOH][As043][E4]3K
(9)[=SHAsO4]=[SOH][AsO43][H2exp(FçvjRT)K
(10)[=Sas042][=SOHI[AsO43][Iflexp(2FjRT)K
Total surface sites (6.25x10siteslg IOCS), specific surface area (68 m2/g), and
log K values for surface acidity and electrolyte bindingsare obtained from Azizian
and Nelson (1999).
4.4.1Single and Multi-Metal TLA'IData Fits
Table 4.2 summarizes the surface complexation equilibriumconstants for
both single-metal systems alone and for multi-metalsystems fit simultaneously by
the adsorption reactions. The parameter V (Table4.2) represents the goodness-of-
fit to the adsorption data. All TLM experimentaldata fits had V, values less than 3,
which suggests that the TLM successfiully describedthe experimental data. Figures75
4.1 to 4.7 show the TLM fits of the experimental adsorption data for all single and
multi-metal systems. The best TLM fits underpredicted arsenate adsorptionat a pH
range of 2.5 to 3 but accurately described arsenate adsorption at higher pH values
(Figures 4.3, 4.5, 4.6, and 4.7). Experimental data show minimal effects ofcopper
and/or chromate on arsenate adsorption (Figures 4.5, 4.6 and 4.7).Overall, arsenate
surface complexation constants for single and simultaneous multi-metalsystems
were very close in value (Table 4.2).
In chromate systems, the significant decrease in chromate adsorption with
arsenate present (Figures 4.6 and 4.7) when compared to the single-chromate
system (Figure 4.2) resulted in more than 1 log unit decrease in chromate surface
complexation constants for the simultaneously-fit multi-metalsystems compared
with the single-metal chromate system (Table 4.2).
Considering the copper systems, the equilibriumconstants were not consistent
for all conditions studied (Table 4.2). The log ofcopper surface complexation
constants ranged from 0.004 to 1.03 for single and multi-metalsystems. Copper
adsorption experimental data from the singlecopper system and the copper plus
chromate system showed virtually thesame copper adsorption capability (Figures
4.1 and 4.4), yet the log constants of thesetwo cases were 0.003 and 0.50,
respectively.Table 4.2: TLM surface complexation constants (reportedas logK values) and
goodness-of-fit (V) for copper, chromate and arsenateon IOCS in single and
multi-metal systems.
Surface complei species
Metal Systems
0.50! -
0081 27.66 21.16 14.81
21.48 14.46
27.71 21.19 14.49
vi;i
15.48 8.68 1.00
15.61 p.12 1.66-
14.05 7.78 2.27
14.33 8.47 1.86
= weight sum-of-square of errors divided by degrees-of-freedom,or overall
variance, of fit.
Figure 4.1 Comparison between the TLMand the ElM fits forcopper adsorption on
IOCS, initial copper concentration of 0.01mM, 0.05 M NaNO3 electrolyte, 20 gfL
IOCS solution.77
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Figure 4.2 Comparison between TLM and the three bestElM fits for chromate
adsorption on IOCS, initial chromate concentration of 0.1mM, 0.05 M NaNO3
electrolyte, 20 g/L IOCS solution.
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Figure 4.3 Comparison between TLM and thefour best ElM fits for arsenate
adsorption on IOCS, initial chromate concentrationof 0.1 mM, 0.05 M NaNO3
electrolyte, 20 gfL IOCS solution.78
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Figure 4.4 Comparison of ElM and TLM for simultaneouscopper and chromate
adsorption on IOCS, initial copper and chromate concentration of 0.1 mM and0.01
mM, respectively, 0.05 M NaNO3 electrolyte, 20 g/L IOCS solution.
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Figure 4.5 Comparison of ElM and TLM for simultaneouscopper and arsenate
adsorption on IOCS, initial copper andarsenate concentration of 0.1 mM and 0.01
mM, respectively, 0.05 MNaNO3electrolyte, 20 gIL IOCS solution.25%
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Figure 4.6 Comparison between ElM and TLM for simultaneous chromateand
arsenate adsorption on IOCS, initial chromate and arsenate concentrations of 0.1
mM, 0.05 M NaNO3 electrolyte solution, 20 g/L IOCS solution.
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Figure 4.7 Comparison between ElM and TLM forsimultaneous copper, chromate,
and arsenate adsorption on IOCS, initialcopper, chromate and arsenate
concentrations of 0.01, 0.1, and 0.1 mM, respectively, 0.05M NaNO3 electrolyte
solution, 20 giL IOCS solution.80
The best TLM copper fit underpredicted copper adsorption at lower pH values for
all conditions (Figures4.1, 4.4, 4.5and4.7). Athigher pH, the best fit
overpredicted copper adsorption in the copper plus chromate and in thecopper plus
chromate plus arsenate systems (Figures4.4and4.7),while it accurately predicted
the single copper and the copper plus arsenate systems (Figures 4.1 and4.5,
respectively).
Using the TLM equilibrium constants determined from the single-metal
systems to predict adsorption for the multi-metal systemswas only partially
successful. In our study, it worked in thecases of arsenate, but it significantly
overpredicted chromate adsorption with arsenate presentor underpredicted
chromate adsorption with copper present (results not shown here). Similarresults
of using the constants derived from single-metalsystems to predict the adsorption
for the multi-metal systems for the ElMare shown below.
4.4.2Single-Metal ElM Data Fits
In contrato the TLM model, the electrostatic parameters (Wo,N'p and'I'd)
are not included in the ElM model and the EDL (electric double layer) isnot
considered. The ElM model was used to fit the titrationdata set of IOCS in order to
describe the acid-base characteristics of the IOCS surface.With the one surface
site assumption, the ElM failed to producea good fit (V value of 86.2) to the
titration data. However, the two surface sites assumption(=S1OH and =S2OH
surface site types) produceda very satisfactory fit for this titration data set (V=81
1.86). Electrolyte binding constantswere then determined using the ElM model
(V = 2.85). Table 4.3 summarizes the surface acidityconstants and electrolyte
binding constants (reported as logioK values), from theElM two-site assumption fit
for the titration data.
For copper adsorption on IOCS, with twotypes of surface sites (S1OH and
S2OH), there were two adsorption reactions assumed (Table4.3).The FITEQL
program gave a very good fit to the experimental data using thesetwo adsorption
reactions, with the logK(19) = 0.58 and logK(20)= -0.92, and V = 0.13 (Table 4.4).
For chromate adsorption on IOCS, four possible adsorptionreactions could be
formed (eq. 21, 22, 23, and 24 in Table 4.3). Combinationsof these four reactions
were chosen to fit the experimental data, and several combinationsoffered very
good fits for our experimental data (Figure 4.2). Acombination of three surface
complexation reactions(eq. 21, 23, and 24) gave the lowest V, valueof 0.34,
followed by combinations of four reactions (eq.21, 22, 23, and 24) and three
reactions (eq. 22, 23, and 24) with V, values of0.36 and 1.25, respectively. Other
combinations produced higher values of V (range3.15 to 35.42) or failed to
converge. With only this experimental data set,we cannot tell which combination
among the three is more appropriate.82
Table 4.3: ElM equilibrium expressions for surface complexation reactionsand
optimized model constants for IOCS.
surface acidity and electrolyte binding log KT
(11)[=S1OH2}=[=S1OHIJ[H]K 7.12
(12)[=S10]=[=S1OH][H}'K -8.62
(13)[S1ONa]=[=SiOHJ{Na][}fl'K 12.00
(14)[=S1OH2NO3)=[=SiOH1[NO3][H]K 7.16
(15)[=S20]=[=S2OHJ[Hf'K 3.13
(16)[=S2OH2]=[=S2OH][It] K -5.80
(17)[S2ONa]=[S2OH}[NaJ[H1'K 6.09
(18)[=S20H2NO3]=[=S2OHI[NO3][H4]K 2.85
metals adsorption
(19)[SiOCu]=[SiOHI[Cu2][H]'K
(20)[=S2OCu4] =[S2OHJ[Cu24]{Hf'K
(21)[=S1OH2HCrO4]=[=SjOH][CrO4 ][1112K
(22)[=S1OH2CrO4]= [=S1OHJ[Cr042][ff']K
(23)[=S2OH2HCrO4]=[=S2OHJ[CrO4 ][H] 2K
(24)[=S2OH2CrO4]=[S20H11[Cr042 I{111K
(25)[=S1H2AsO4][S1OH][As043][F[13K
(26)[=S1HAsO4] =[S1011][As043][H4]2K
(27)[=S1AsO42]=[S1OHI[As043][H]K
(28)[=S2H2AsO4] =[=S2OH][As043][H}3K
(29)[=S2HAsO4]=[=S2011][As043][W]2K
(30)[=S2AsO42] =[S2OH][AsO43][H]K
tTotal surfacesites = 2.40x10sites/g IOCS for S1OH and= 3.27x10sites/g
IOCS for S2OH. Fixed at this value to achieveconvergence.83
For arsenate adsorption on IOCS, six possible adsorption reactionsare
considered (eq. 25, 26, 27, 28, 29, and 30 in Table 4.3). With all reactionsincluded
in the ElM model, no convergence in fitting the experimental datawas found. With
combinations of 5 reactions included in the model, onlyone reaction combination
(eq. 25, 26, 27, 28, and 29) producedconvergence with a V, value of 0.59. Two
combinations of 4 reactions (eq. 25, 26, 28, and 29;eq. 25, 27, 28, and 29) also
gave good fits (V = 1.21 and 0.54, respectively), and one combination of 3
reactions (eq. 25, 27, and 28) produceda good fit (V = 0.65). Other combinations
of reactions produced higher values of Vy ranging from 4.11to 186.57 or failed to
converge in fitting the model. Although four reaction combinations produceda
very good fit to our arsenate experimental data, which one ismore appropriate to
use for describing the adsorption data is still in question. Figure 4.3 shows the four
best ElM fits for arsenate adsorptionon IOCS.
4.4.3 Multi-Metal ElM Data Fits
Copper and Chromate: The experimental data showedan increase in
chromate adsorption when copperwas present, but the presence of chromate did
not affect copper adsorption on IOCS. The two reactions forcopper adsorption (eq.
19, and 20) combined with three chromate adsorptionreactions (eq. 22, 23, and 24)
produced a good fit for both chromate andcopper adsorption on IOCS (V = 1.41,
Figure 4.4), while other reaction combinations forchromate when combined with
the two reactions forcopper adsorption did not produce good fits to the84
experimental data. The combination of three reactions (eq. 22,23, and 24) from
single chromate adsorption reactionswas chosen based on this fit and was used
further to fit other multi-metals experimental data for chromate.
Table 4.4: ElM surface complexation constants forcopper, chromate and arsenate
on IOCS in single and multi-metal systems.
T1i !.z)Ij:.N-
L1.LL!2L' :
iI1
--y
10
t\T,= weight sum-of-square of errors divided by degrees-of-freedom,or overall
variance, of fit.85
Copper and Arsenate: The presence of arsenate resulted inan increase in
amount of copper adsorbed over a pH range of 3 to 6, while at this molar ratio,
copper in solution had minimal effect on the amount of arsenate adsorbed. The two
adsorption reactions for copper were combined with each of the best four
combinations of arsenate adsorption reactions chosen from the singlearsenate case.
The results showed the model produced good fits with combinations offour
reactions (eq. 25, 26, 28, and 29) and three reactions (eq. 25, 27, and 28)with V
values of 1.3 and 2.2, respectively.
Chromate and Arsenate: With the combination of chromate reactionschosen
in copper/chromate multi-metals case, each of thetwo combinations of arsenate
reactions chosen in the copper/arsenate multi-metals adsorptioncase was examined.
The model produced a good fit with the combination of threearsenate reactions (eq.
25, 27, and 28) (V = 1.07), while it did notconverge with the combination of four
reactions (eq. 25, 26, 28, and 29). Asa result, we had one universal set of
adsorption reaction combinations for each metal that successfullyproduced a good
fit for single and two-metal systems, whichwere two reactions for copper, a
combination of three reactions (eq. 22, 23, and 24) forchromate, and three
reactions (eq. 25, 27, and 28) for arsenate.
Figures 4.5 and 4.6 show the ElM and the TLM fitsfor the copper/arsenate
and the chromate/arsenate systems, respectively, usingthe universal set of surface
complexation reactions for the ElM.86
Copper, Chromate, and Arsenate: The multi-metalscopper, chromate, and
arsenate system showed adsorption behavior similar to two-metal systems.
Chromate adsorption on IOCS was considerably decreased dueto the presence of
arsenate, while copper adsorption increased with arsenate present andcopper and
chromate did not affect arsenate adsorption. The universal combinationof reactions
that worked for all single and two-metal systemswas examined here for the three-
metal system. The model results showeda convergence (V = 0.81, Figure 4.7).
This assured that our universal reaction combination could beused for either
single-metal or multi-metals adsorption simulationover the range of conditions
(ionic strength and pH) in this study. The correspondingset of equilibrium
constants for ElM surface complexation can thus be consideredas "conditional"
adsorption constants. The values of the ElM "conditional" surfacecomplexation
equilibrium constants are summarized in Table 4.4.
Applying constants derived from single-metalsystems to predict adsorption
the multi-metal systems was investigated. Figures 4.8to 4.11 show the ElM model
comparisons between the fit using constants derived fromsingle-metal systems and
the fit using simultaneously derived constants fromthe multi-metal systems to
simulate copper, chromate, and arsenate adsorption. Theresults for both the TLM
(results not shown) and the ElMcases were very similar.100%
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Figure 4.8 Simultaneous copper and chromate adsorptionon IOCS with two ElM
fits, using simultaneous two-metal fit and usingconstants from single-metal fits,
initial copper and chromate concentrations of 0.01 mM and 0.1mM, respectively,
0.05 M NaNO3 electrolyte, 20 gIL IOCS solution
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Figure 4.9 Simultaneous copper andarsenate adsorption on IOCS with two ElM
fits, using simultaneous two-metal fit and usingconstants from single-metal fits,
initial copper and arsenate concentrations of 0.01mM and 0.1 mM, respectively,
0.05 M NaNO3 electrolyte, 20 g/L IOCS solution.88
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Figure 4.10 Simultaneous chromate and arsenate adsorptionon IOCS with two
ElM fits, using simultaneous two-metal fit and usingconstants from single-metal
fits, initial chromate and arsenate concentrations of 0.1 mM,0.05 M NaNO3
electrolyte, 20 g/L IOCS solution.
Figure 4.11 Simultaneouscopper, chromate, and arsenate adsorption on IOCS with
two ElM fits, using simultaneous three-metal fit and usingconstants from single-
metal fits, initial copper, chromate andarsenate concentrations of 0.01, 0.1, and 0.1
mM, respectively, 0.05 M NaNO3 electrolyte, 20 gfLIOCS solution.89
With minimal effects of copper and/or chromate on arsenate adsorption in this
study, the constants derived from the single arsenate system could be used
successfully to closely predict its adsorption in multi-metal systems. However, for
copper and chromate adsorption, the presence of other metal(s) altered their
adsorption by the iron-oxide surface. The constants derived from the singlecopper
and chromate metal systems generally could not be used to predict their adsorption
behavior accurately in multi-metal systems (Figures 4.8, 4.9, and 4.11).
In the copper/chromate binary metal system, adsorption ofcopper was very
close to the single copper system. As a result, the constants from the singlesystem
predicted the adsorption behavior of copper in this binarysystem very closely
(Figure 4.8). On the other hand, with thepresence of arsenate, copper adsorption
was enhanced. Using the constants derived from the single copper system
underpredicted the adsorption of copper in which arsenatewas present particularly
at low pH values (Figure 4.9 and 4.11).
Chromate adsorption was suppressed to nearly 0% with thepresence of
arsenate over the range of pH studied. Consequently, using theconstants derived
from the single chromate system overpredicted chromateadsorption in systems
with arsenate present (Figure 4.10 and 4.11). Whilecopper enhanced chromate
adsorption over the range of pH studied, theuse of constants from the single
chromate system underpredicted the chromate adsorption inthe presence of copper
(Figure 4.8). Overall, these results showed thatconstants from the single-metal
systems were only partially successful in describing adsorption inmulti-metalsystems. On the other hand, one universal set of surface complexation reactions
and the corresponding set of "conditional" adsorption constants derived using the
ElM successfully fit adsorption data in all single and multi-metal systems.
4.5 Summary and Conclusions
The TLM was successfully used to describe adsorption ofcopper, chromate
and arsenate in both single-metal and multi-metal systems using inner-sphere
surface complexation for copper and arsenate, and outer-sphere surface
complexation for chromate over the ranges of concentration and pH studied.
However, in some cases, the TLM did not fit adsorptionvery accurately; the TLM
underestimated arsenate adsorption at low pH in multi-metalsystems and also
underestimated copper adsorption at low pH. The two-site ElM alsofitted copper,
chromate, and arsenate adsorption experimental data in both single-metaland
multi-metal systems. However, the constants derived from thesingle-metal systems
in both the TLM and the ElMwere only partially successful in predicting
adsorption in multi-metal syems.
The finding of a universal combination ofcopper, chromate, and arsenate
adsorption reactions on IOCS for the ElM in this study, whichcould be used to
successfully fit the adsorption data both in single-metaland multi-metal systems,
proved the consistency of the ElM. The abilityto derive one universal combination91
of surface complexation reactions and a coffesponding set of "conditional"
equilibrium constants to fit both single and multi-metal systems lends supportto
the use of the ElM for fate and transport modeling in complex environmental
systems (soils, groundwater).92
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of America Journal, Vol. 53,pp. 418-428.CHAPTER 5: TRANSPORT BEHAVIOR AND MODELING OF COPPER,
CIIROMATE, AND ARSENATE THROUGH HETEROGENEOUS IRON-
OXIDE COATED SAND PACKED COLUMN
5.1 Abstract
Copper, chromate, and arsenate transport through heterogeneous iron-oxide
coated sand packed column in single and multi-metal systemswas investigated.
The transport of all three metals through IOCS was significantly retarded. The
additive and competitive adsorption among the three metals from batch
experiments was confirmed in the column experiments. Sorption isotherms
parameters were derived from the electrostatic implicit surface complexation model
for batch experiments at fixed pH. The local equilibrium assumption usingbatch-
derived sorption isotherm parameters failed to predictcopper and arsenate
transport, while it adequately described chromate transport. The breakthrough
curves of all three metals were asymmetrical and showed long-tailing behavior.
This nonideal behavior is caused by nonlinear sorption and/ornon-equilibrium
conditions during transport. The results from flow interruptionexperiment with a
tracer showed no significant effect from the diffusion between mobile and
immobile regions (physical non-equilibrium). However, flowinterruption
performed on the metals showed significant effects from rate-limitedsorption
(chemical non-equilibrium), with the greatest effecton copper, followed by
arsenate and chromate. The two-site chemical non-equilibrium model,which97
accounts for kinetically controlled adsorption sites, was able to fit the observed
breakthrough curves for all three metals in single-metalsystems. However, the
model was partially successful in predicting transport in multi-metalsystems.
5.2 Introduction
Solute transport through soils isa significant process for plant nutrient
uptake, leaching of salts from the soil profile,wastewater renovation, and
contamination of groundwater. Parameters that influence solutetransport through
soils are soil water velocity, soil solute adsorption-desorptioncharacteristics,
chemical reactions and transformation by microorganisms(Selim etal., 1976).
Predicting the transport and fate of heavy metals in thesubsurface requires
an understanding of the physical and chemicalprocesses. Adsorption is considered
to be the main process controlling the transport and fate ofheavy metal in
subsurface porous media.
For metals contamination, theuse of equilibrium adsorption parameters to
simulate adsorption retardation is widely implemented.For nonlinear adsorption
partitioning, empirical conditional isotherms (e.g.,Freundlich isotherm) are
commonly employed, but since isothermparameters vary with changing solution
composition (e.g., pH or ionic strength), extensivedata sets are required. Surface
complexation models (SCMs)are capable of describing metal ion adsorption by98
heterogeneous mineral surfaces over a wide range of solution conditions. Themost
widely adapted SCMs are the Constant Capacitance Model (CCM), theDiffuse
Layer Model (DLM), and the Triple Layer Model (TLM). Which of the SCMsis
the most appropriate in describing chemical adsorptionprocesses in natural
environments has not been ultimately determined (Wenetal.,1998; Westall, 1987;
Dzombak and Morel, 1990). Nevertheless, the TLM, whichdistinguishes between
weakly-sorbed ions and strongly-sorbed ions, accurately describes bothanion and
cation adsorption with different electrolyte background concentrations(Hayes,
1987), while adsorption of individual divalent cations normally iswell described
using the DLM (Dzombak and Morel, 1990; Wang, 1997;Benyahya and Gamier,
1999). Current SCMs are formulated basedon the electrostatic model of the electric
double layer.
Recent advances in surface complexation modeling have shownthat it is
possible to describe adsorption of single solutesto multisite adsorbents using a
model without an electrostatic term (Westallet al.,1995). This model is also
applicable to multisolute adsorbate-adsorbentsystems, and could be used to
describe adsorption of mixed-metals (e.g., cliromate,arsenate, and copper) to
heterogeneous surfaces (e.g., iron-oxide-coated sand).
Simulation of the transport and fate of heavy metalsthrough porous media
is more easily accomplished through the assumptionof local equilibrium rather
than a rate limiting control between metals and theporous media. However, if the
transport of a solute is relatively faster than its equilibriumsorption reaction,sorption non-equilibrium (physical and/or chemical)may occur, which can result in
erroneous if transport is predicted using local equilibrium assumption model
(Brusseauetal., 1989).
The objectives of this research are to: (1) developan advective-dispersive
solute transport model for the fate and transport of metals in groundwaterusing the
non-electrostatic surface complexation model, also called the electrostaticimplicit
model (ElM); (2) investigate the possibility of non-equilibrium sorptionduring
transport; and (3) verify the model by calibration witha copper, chromate, arsenate-
IOCS system.
5.3 Literature Review
Simulation of the transport and fate of heavy metalsthrough porous media
is more easily accomplished through the assumptionof local equilibrium rather
than a rate limiting control between metals and theporous media. For modeling the
advective-dispersive transport of reactive chemicals inporous media, the use of
empirical conditional isotherms (e.g. nonlinear Freundlichisotherm) is often seen.
Jardineetal., (1999)successthlly modeled the transport of chromate in
heterogeneous soil by fitting the chromate breakthroughcurve with the Freundlich
sorption isotherm and kinetic parameters. Wangetal., (1998)found that the
Freundlich sorption isotherm from batch studiesof divalent cation (Cd (II), Ni (II),100
and Sr (Ii)) adsorption on soils was well incorporated into an advective-dispersive
transport model and accurately simulated the laboratory continuous flow column
system at pH 6.
Scum (1989) investigated chromate adsorption on six types of soil. He
found that the advective-dispersive transport model integrated with the nonlinear
Freundlich sorption isotherm provided a good description of chromate
breakthrough curves. Nonetheless, Freundlich model parameters in this studywere
obtained by a nonlinear least-squares parameter optimization schemeon the
breakthrough curve data, rather than from batch experiments.
Voegelinet al.,(2000) accurately used local equilibrium assumption to
predict the transport of major cations (Ca2,Mg2and Na) using the sorption
parameters determined independently from the batch experiments.
However, the isotherms' parameters are conditional. Parameters for the
isotherm vary with changing solution composition (e.g. pHor ionic strength).
Hence, extensive sets of data at varying pH and ionic strengthare needed.
SCMs represent surface chemical reactions witha set of quasi-
thermodynamic constants that are independent of changes in solutionconditions
(Hayesetal.,1991). Hence, a good derived set of parameters from SCMs resultsis
valid over a range of pH of interest and also fora range of ionic strength. So the
use of parameters from SCMs for modeling the advective-dispersive tratpoi of
metals in porous media would be likely to bemore flexible and useful for a wider101
range of environmental conditions than the empirical Freundlich or Langmuir
sorption isothenns.
Zheng and Bennett (1995) summarized two conceptual numerical
approaches to integrate the advective-dispersive transport withany interactions
among species; (1) solving a system of partial differential equations, and additional
algebraic or differential equilibrium relationship equations simultaneously. The
result is a set of governing equation for filly coupled advective-dispersive-reactive
transport, (2) solving the advective-dispersive equations and the chemical reaction
equations separately, in sequential fashion.
Smith (1998) developed a conceptual transport model for Pb (II),which
incorporates the TLM. However, several simplificationswere made. Shen and
Nikolaidis (1997) successfully used the direct substitution approachto include the
TLM results of chromate adsorption on soil ina solute transport model in ground
water.
Meeussenetal.(1999) integrated the SCMs of sulfate andproton
adsorption on goethite into the one-dimensional advective-dispersivetransport
model and successfully predicted the transport of sulfatethrough goethite coated
sand column with varying pH and ionic strength. Althoughno simplifications in
their works were made and resultswere quite promising, the model formulatedwas
very complicated and no chemical or physical non-equilibrium assumptionswere
allowed. Similar approaches were used for malonateby Filiusetal.,(1999) and
fluoride by Meeussenetal.,(1996) in goethite coated sand columns.102
Cederberg etal., (1986) developed a multi component transport model
"TRANQL", which incorporated the CCM. However, the electrostatic potential
components initially calculated in the MICROQL source code were not included in
the transport equation for the reason of simplicity. Overall, the application of
numerical models that incorporate nonlinear sorption is still largely limitedto
theoretical investigations and laboratory experiments (Zheng and Bennett, 1995).
The non-electrostatic SCM, which excludes the electrostatic terms from the
mass law equation for surface equilibria, is the simplest SCM (Davis and Kent,
1990). The non-electrostatic SCM treats adsorption of ionsto the surface similar to
complexation with ligands in solution.
The non-electrostatic SCM has not been used often to simulate metals
adsorption in systems with well-characterized mineral phases. However,interest in
this approach has recently been renewed because of the complexitiesinvolved in
applying the SCM to natural minerals (Davis and Kent, 1990).
It is usually not possible to assign the appropriate electrostaticterm for the
electrostatic SCM for soils and sediments in the naturalsystems due to their
complex heterogeneity (Davis et al., 1998). Asa result, many researchers have
argued that the non-electrostatic SCM would be themost appropriate for
environmental applications due to its simplicity and practicality(Davis and Kent,
1990; Kohler et al., 1996; Morrison etal., 1995; Davis etal.,1998; Fuller etal.,
1996).103
Cowenet al.(1991) investigated the electrostatic triple-layer model and the
one-site non-electrostatic model to describe the competitive adsorption of cadmium
and calcium onto amorphous iron oxide. They found the non-electrostatic model
better simulated the shape of the measuredCd2withCa2adsorption edge at all
ionic strengths.
Van Benschotenet al.(1998) showed that a non-electrostatic surface
complexation model could be used to accurately describe the adsorption of the
divalent cation Pb (II) on goethite,7-A1203,amorphous silica and a sandy soil.
However, no work on surface titration data using the non-electrostatic model
among these adsorbents was mentioned.
Fulleretal.,(1996) investigated theZn2andPb2adsorption properties of
natural sediment and found the non-electrostatic SCMwas adequate to describe the
experimental data. Davisetal.,(1998) used successfully the SCM without explicit
electrostatic correction terms to fit the adsorption data ofZn2onto the sediment
collected from an aquifer.
Westallet al.(1995) proposed a discrete log K model, which successfully
described binding of Co(fl) onto assumed-multi-discrete-sites humicacid over a
wide range of solution compositions. This model didnot include an explicit
electrostatic energy term, but the termwas included implicitly in counterion
binding constants.
Recently, many researchers have attemptedto use non-electrostatic surface
complexation models to describe the adsorption of radioactivemetals. Del Neroet104
al., (1998) successfully modeled the adsorption of neptunium (V)as functions of
pH and carbonate concentration on hydrargilite usinga non-electrostatic SCM.
Kohler et al. (1996) used a two-site non-electrostatic SCMto describe the
adsorption of uranium(V1) on quartz grains in batch and columnstudies. The
independently derived batch surface complexationconstants did not accurately
predict the column breakthrough data. Morrison et al. (1995) reporteda non-
electrostatic surface complexation model with onlyone type of site provided a
reasonable description of U(VI) adsorption data for amorphous ferric
oxyhydroxide.
Our work on equilibrium batch experiments of multi-metal(copper,
chromate, and arsenate) adsorptionon IOCS (Chapter 4 in this thesis) showed that
the performance of our proposed non-electrostatic model,called the electrostatic
implicit model (ElM), described adsorption experimentaldata well in both single
and multi-solute systems.
With the assumption ofa well-buffered subsurface system (approximate
constant pH and ionic strength) during the transport of heavymetals through the
porous media, adsorption constants from the proposed non-electrostaticmodel
(ElM) could be written in the equilibrium Langmuiradsorption isotherm form. This
is beneficial for easily integrating the ElM intoan advective-dispersive transport
model since there are several solutetransport computer programs that already have
Langmuir adsorption isotherm simulation capability.105
Physical and chemical non-equilibrium processes can cause the transport of
metals in porous media to be nonideal (Wang, 1998; Brusseau, 1994). Beinum et
al. (2000)investigated the transport of protons and calcium ions in alginate gel
bead system. They found physical non-equilibrium, nonlinear sorption, and
competition were very important processes for transport in heterogeneous systems.
In addition, asymmetrical shapes of breakthrough curves of metals have also been
reported by many investigators (Wang, 1998; Parker and Jardine 1986; Selim,
1995; Kookanaetal.,1994).
Local equilibrium behavior during solute transport inporous media suggests
that the reaction between the solute and the porous media is instantaneous,or that
the residence time of water and solutes is sufficient for the solute to reach
equilibrium (Jardineetal.,1998).
The local equilibrium assumption is based on the results of batch studies
with high solution-to-soil ratios and completely mixing, whichare not
representative of transport problems (Kookana, 1994). The sorptionparameters
obtained from the batch experiments are significantly different from thoseunder
transport-limited conditions (Gaberet al.,1992; Hodges and Johnson, 1987;
Kookanaet al.,1992; Kookana 1994; Porroet al.,2000; Akratanakulet aL,1983;
Milleretal.,1989; Theis,etal.,1988). If the transport of a solute is relatively
faster than its sorption reaction, sorption non-equilibriummay occur which can
result in earlier breakthrough.106
Jardineetal.(1988) reported an overestimation of the amount of inorganic
ions (i.e. Mg2, NH, and NOi) adsorbed during column displacement
experiments when using adsorption isotherms generated from batchequilibrium
methods. Similar results were obtained by Starr et al. (1985) whenthey found that
the best-fit of the retardation factors for Sr in column displacementexperiments
were 2 to 3 times less than the retardation factors obtained by batch methods.
Plassardetal.(2000) found the retention of Cd(ll), Zn(ll), and Pb(ll)were lower
for column than for batch experiments. Hodges and Johnson (1987)studied the
kinetics of sulfate adsorption/desorption by Cecil soil andshowed that a batch
equilibrium isotherm overestimated the sulfate adsorptioncapacity in column
studies.
In contrast, Ponoetal.,(2000) evaluated the linear distribution coefficients
between strontium and basalt from batch and columnstudies and found that the
linear distribution coefficients fittedfrom column studieswere significantly higher
than from batch studies. Barnettet aL,(2000) studies the adsorption andtransport
of U(VI) in soil and found that the local equilibriumassumption dramatically
underestimated the degree of retardation observed inthe column. Similar results
were found (Akratanakuletal.,1983; Milleretal.,1989).
In terms of physical processes, the validity of thelocal equilibrium
assumption depends on the degree of interactionbetween macroscopic transport
properties and microscopic physical properties. Oftenmicroscopic physical
properties impose a rate-limiting constrainton the transport of solutes in107
heterogeneous soil systems and deviations from local equilibriumoccur (Jardineet
al., 1998). This concept led to the two-regionor bi-continuum model for solute
transport. The interaction of solutes between the variouspore classes is usually
described by deterministic mathematical models that partition soilwater into
mobile macro- and mesopores (flowing region) and immobilemicropores (stagnant
region) (Jadine, 1991). The approach in effectassumes that the pore-water velocity
distribution is bimodal: the advective-dispersivetransport is confined to only a
fraction of the liquid-filled pores, while the remainder of thepores has stagnant
water (e.g., dead-end pore water) (Scum and Wagenet, 1989). The sorptionrate is
then thought to be limited by the rate at which solutesare transport by diffusion
between the mobile and immobile regions. This mobile-immobileapproach has
been used successfully to describe the nonideal behavior of solutetransport (van
Genuchtenetal.,1977; Yasudaetal.,1994; Selimetal.,1987; Manselletal.,
1988; Nkedi-Kizzaetal.,1982).
For several heavy metals, retention/release reactions insoils have been
observed to be strongly chemical kinetics (time-dependent) inheterogeneous
system. Selimetal.(1976) proposed a two-site model basedon batch results that
ihowed rapid initial retention reactions followed byslower retention reactions
(chemical non-equilibrium). The modelwas also developed to describe the
excessive tailing of breakthroughcurves obtained from pulse inputs in miscible
displacement experiments. The two-site model is basedon several simplifying
assumptions. First, it is assumed thata fraction of the total sites (referred to as type108
I sites) reacts rapidly with the solute in soil solution. Incontrast, type II sites are
highly kinetic in nature and react slowly and reversibly with the soilsolution. This
model has been successfully applied to evaluate solutetransport through porous
media (Lordenetal.,1998; Wangetal.,1998; van Genuchten and Wagenet, 1989;
Aitfelderetal.,2001; Jardineetal.,1985; Parker and Jardine, 1986; Chu and
Sposito, 1981). This model has also been modified intoa dimensionless form, and
has been used widely to describe the transport of inorganic ionsthrough porous
media (Porroetal.,2000; Wangetal.,1998; Brisseauetal.,1989; Kookana, 1994;
Jardineetal.,1985; Nkedi-Kizzaetal.,1984).
Brusseauetal.,(1989) developed the flow interruption methodto
investigate sorption non-equilibriumprocesses. When sorption non-equilibrium
exists, flow interruption on the adsorption front ofa breakthrough curve will result
in a drop in the effluent solute concentration. For physicalnon-equilibrium, a
nonsorbing tracer is used in the miscible displacementexperiment. If there is a drop
in tracer concentration aftera period of interruption of flow, physical non-
equilibrium is presumed to be present. Incontrast, the absence of a drop signifies
the absence of physical non-equilibrium.109
5.4 Modeling
5.4.1 General transport model with sorption
A general advective-dispersive transport model ofa reactive compound in
subsurface, steady-state flow, and local equilibriumcan be written as:
-=D1--1-" (5.1)
at
2
nè3xnat
Where C is aqueous concentration of compound of interest (M U'),S is sorbed
concentration (MU1), D is dispersion coefficient(cm2h), v is average darcy
velocity (cm h'), t is time, and x is the distance from injection point(cm).
(1) Equilibrium Transport Model
With the assumption of steady-state flow, and local equilibrium
following the Langmuir adsorption isotherm, the advective-dispersive
transport equation can be derived as follows:
Langmuir sorption isotherm;
abC
(5.2) 1+ bC
asas ac -
(5.3)
atac at
as ab
(5.4) aC(1+bc)2
ab
(5.5)
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Rearranging gives
where,
(5.7) 2
R(l+1"ab
n(l+bC)2) (5.8)
(2) Non-Equilibrium Transport Model (Two-Site Model)
The two-site chemical non-equilibrium model as first proposed by Scum
et al. (1976) assumes that there are two types of sites on the adsorbent.
For equilibrium sites (Se), sorption is instantaneous. For rate-limited
sites (Sk), sorption is strongly time-dependent.
abC S=S+Sk= (5.9)
(1+ bC)
abC
(1+bC)
(5.10)
abC
Sk'(lbC)
(5.11)
ab9C
if(1+bc)2 (5.12)
aSk[ abCS] (5.13) (1+bC)where
111
frfraction of instantaneous sorption site
a = reversible first order sorption rate of type-2 sites (t')
(5.14)
at at)
Pb ab + = D (5.15) atn(H-bC)2
2
n&*
(1+Pb ab
.ea[(1 abC 1 vôC
n(1+bC)2)at+n l+bc)jr
(5.16)
Initial condition: C(O<x<L, t = 0)0 (5.17)
Boundary conditions: vCD = vC0 ; x = 0,t > 0 (5.18)
;x=L,t>O (5.19)112
5.4.2 Development of Langmuir-type constantsfrom the ElM
e.g., for chromate;
S =[=S10H2 Cr04] +[S20H2HCr0J+ [=S2OH2CrO4] (5.20)
Consider [=S1OH2CrO4] surface complex specie,
From mass action equation,
[=S1OH2CrO4]= [=S1OHJ K10Q[Cr042][H1j (5.21)
[=S10HJ =[=S1OH] K[HJ (5.22)
[=S10] =[=S1OH] Ki}14]1 (5.23)
[=S1ONa] =[=S1OH] KsjoNa[Na][Hf' (5.24)
[=S10H2NO3]=[=S1OH] KS1OHNO3[NO3][H] (5.25)
And from mass balance of[=S1OHJ,
[Total =S1OH] = [=S1OH]+[S10H2]+[S10]+[S10H2 Cr04]+ [S1ONa] + [S10H2NO3]
(5.26)
So we can write,
[Total =S1OH] = [=S1OHI { 1+ K[H]+ K1Hf' + K10[Cr042] [11-4-]
+ KSIONjNa][1ff'+ [NOJft1J} (5.27)
Then we can write,
[Total=S1OH] (5.28) [= S1OH]
{1 + K[H] + K[WF1 + [CTO][W] K.[Na][Wr1 + K$OH,NO, [NO;][Hi}113
Substitute into mass action equation of[S1OH2CrO4] (equation 5.21),
[=S1OH2CrO4]= [=S1OH] K 10[CrO42J [H4] (5.21)
[= S,OH,CiOj
[CrO][Hi[Tota1 = S,OHI
1 + K[H] + KTHT' + K. [COfl[HJ +K5Na1[H]t + [No][HJ)
(5.29)
We can do the same with [=S2OH2HCrO4] and [=S2OH2CrO4],
[. S2OH,HCrOJ
K;oH,[Cr0]EHI'ETotal = S,OH]
(1 + + + K,OR,EQ1EH12 + Kg0;0,0ECTO 1[11+ K5.,jNaiEUi + K,,,,NO;]EHi}
(5.30)
[= S,OH3CrO4] [Cr0 1[}i[Tota1 = S,OH]
(I + K[H1 + + [CoO][W? + +K00JNaiEH14 +K,,,,00[NO;1EHi}
(5.31)
[Total =S1OHJ and [Total =S2OHJ have definite values,and soil in the subsurface
is usually saturated with the electrolytes. Thismeans [Na] and {NO3J could be
assumed constant. If the pH is also fixed,we can write S in the Langmuir-type
form:
S =[= S1OH2CrO 1+1= S2OH2HCrO4]+ [= S2OH2CrO]
a[Cr04] d[CrOfl (5.32)
b+c[CrO11+e[CrO]114
5.5 Material and Methods
5.5.1 fron-Oxide-Coated Sand (JOGS)
Iron oxide minerals are formed in natural environments by weathering of
primary rock and oxidation of ferrous iron species. Dependingon ambient
conditions, several different iron oxides may be formed,e.g. goethite, hematite, and
ferrihydrite. In comparison to other soil minerals, iron oxides have relatively high
surface area and surface charge and often control free metal concentrations in soils.
Metal adsorption on synthetic iron oxides has been examined in detail inan effort
to model adsorption processes at natural oxide/water surfaces and to determine the
affinities and adsorption capacities of the oxides for different metaladsorbates
(Benjamin and Leckie, 1981; Hayes and Leckie, 1987; Zachara etal.,1987; Hayes
etal., 1998; Kooner, 1992; Nowack etal., 1996; Azizian andNelson, 1999). A
synthesized iron-oxide-coated sand adsorbentwas experimentally used to
successfully remove uncomplexed and ammonia-complexed cationicmetals (Cu,
Cd, Pb, Ni, Zn) as well as some oxyanionic metals (Se03, As03) fromsimulated
wastes and waste streams over a wide range of metal concentrations (Edwardsand
Benjamin, 1996).
5.5.2 Feed Solutions
All column experiments were conducted using syntheticgroundwater by
dissolving 0.05 M of NaNO3 in double-distilledwater with the desired115
concentration of metal(s). The pH was fixed at 4.0 and 5.0 by using 0.01 M NaAc
buffer or at 6.0 by using 0.01 M PIPES buffer. The pHwas adjusted by either 0.05
N HC1 or 0.05 N NaOH. All solutions were purged with N2gas during the column
experiments to prevent carbonate systems and 02 interferences.
5.5.3 Column Experiments
Column experiments were carried out to investigate thetransport behavior
of chromate, copper, and arsenate through the IOCS adsorbent. Teflon columns(10
cm in length and 2.5 cm in diameter) were used for these experiments. The
columns were filled with 98±2 g of IOCS. The feeding solutionswere pumped at
flow rates of 2 cm hr'. At least 50 pore volumes of 0.05 MNaNO3buffered at the
desired pH value were passed through the column to equilibrate theIOCS surface
with the background electrolyte. Positive displacementpumps (Fluid Metering,
Inc.) were used to control hydraulic flow through the IOCScolumns. Both influent
and effluent samples were collected at frequent intervalsto obtain the relative
concentration breakthrough profiles for the solutes. Bromidewas used as a tracer
in this study. Bromide solutionwas introduced into the column at the rate 2 cm
and the effluent was collected at regular intervals. Thebreakthrough curve of
bromide was plotted and used for determination of thehydraulic properties of the
IOCS column. Then the feed solution containing metal(s)at a desired
concentration, pH value, and ionic strength will be introducedinto the column
using upward flow mode at the rate 2cm h'. After the effluent concentration116
/influent concentration ratio is approximately 1.0, the feedwas switched to
background electrolyte with the desired pH to study desorption of metal(s). Column
influent and effluent samples was collected at regular intervals andwas analyzed
for the metals' concentrations by using ICP. Plotting concentration against
cumulative effluent pore volumes yielded the relative concentration breakthrough
curves. Twelve transport experiments were conducted as shown in Table 5.1.
Table 5.1 Experimental conditions for miscible displacement studies
Columi
No.
Column
length (cm)
Metal(s) C0(mM)Effluent
pH
IOCS
(g)
p n
(cm3/cm
Flow rate
(cm/h)
1 1(Copper 0.013.9-4.1 98.5 1.6 0.3 2.1
l(Copper 0.015.0-5.1 97. 1.6 0.3 2.1
3 iCChromate 0.15.0-5.1 98. 1.6 0. 2.1
1(Chromate 0.15$5l 98. 1.6 0. 2.1
5 1(Arsenate 0.15.0-5.1 98. 1.6 0. 2.1
1(Arsenate 0. 6.0-6.1 98. . 0. 2.1
1(Copper/Chromate 0.1/0.05.0-5.1 98. . 0. 2.1
5Copper/Arsenate 0.1/0. 5.0-5.1 4 . 0. 2.1
1(Copper/Arsenate 0.01/0.4.9-5.1 97. . 0. 2.1
ii 1(Chromate/Arsenate 0.1/0.5.0-5.1 98.. . 0.3 2.1
11 1(Chromate/Arsenate 0.1/0. 5.0-5.1 98.1 . 0. 2.1
1(Copper/Chromate/Arsenate0.01/0.1/0. 5.0-5.1 98. . 0.3 2.1
5.5.4 Flow Interruption Experiments
The flow Interruption method (Brusseau, 1989)was used to investigate non-
equilibrium conditions during transport. Bromidewas used as a non-sorbing
chemical to investigate the physical non-equilibrium of thecolumn during an
interruption. Chemical non-equilibrium duringtransport of each metal (copper,117
chromate, or arsenate) was investigated using flow interruption methods. A dropin
the effluent concentration after the interruption signifies thepresence of non-
equilibrium in each case.
5.5.5 AnalyticalMethods
Metals concentrations were analyzed by inductively coupled plasmaatomic
emission spectrometry (ICP-AES, Varian Liberty 150). SolutionpH was
determined potentiometrically (Orion Research pHmeter Model 601 with Orion
Research grade Ag/AgC1 glass combination electrode).
5.5.6 Solute Transport Parameters Estimation ComputerProgram: CFITM (van
Genuchten, 1981)
CFITM is a non-linear least-squares curve-fittingcomputer program hat is
used to determine dispersion and distribution coefficientsfor solute transport from
1-dimentional experimental column data.
5.5.7 Solute Transport Simulation/Parameters EstimationComputer Program:
HYDRUS2D (Simunek etal., 2000)
The HYDRUS2D program isa finite element model for
simulating movement of water, heat, and multiplesolutes in variably saturated
media. HYDRUS2D also implementsa Marquardt-Levenberg type parameter
estimation technique for inverse estimation ofsolute transport and reaction
parameters from measured breakthroughcurve data.118
5.5.8 Equilibrium Parameters
Equilibrium parameters were in the form of Langmuir-like isotherms.They
were derived from the surface complexation constants from the electrostatic
implicit model (ElM) from previous studies. The valuesare given in Table 5.2.
5.5.9 Kinetic Parameters Estimation
Kinetics parameters(ffraction of instantaneous sites, and a, kinetic rate)
were estimated by fitting the experimental breakthrough curves using the
HYDRUS2D program, the values of which are given in Table 5.2.
Table 5.2 Langmuir-type constants for metals derived fromElM and Kinetic
Parameters fitted from HYDRUS2D
Metalp1! ab
(L/gIOCS)*
b
(IJmgmetaI)*
I a
(day')
Copper400.0034 0.0158 0.370.02
5.00.0356 0.1157 0.240.37
Chromate5.00.0072 0.0422 0.730.32
5.80.0037 0.0203 0.680.65
Arsenate5.00.0234 0.1280 0.560.23
6.00.0198 0.1101 0.520.17
* a and bare Langmuir constants corresponding to S = abC/(1+bC), when C is total soluble
concentration of soulte.119
5.6 Results and Discussion
5.6.1Metals Equilibrium Sorption Isotherms
Equilibrium sorption of single and multi-metal chromate,copper, and
arsenate systems with surface complexation models was investigated and the
results were reported in earlier chapters. The TLM and ElM models bothfitted the
sorption of those metals in single and mixed-systemvery well. Without the
electrostatic parameters, the semi-empirical ElM model would be easierto integrate
into the advective-dispersive transport model for practicaluse. The ElM surface
complexation constants from the single-metal sorption could be rearrangedinto the
form of Langmuir sorption isotherms, in which the HYDRUS2Dcomputer code
can accommodate the Langmuir sorption function to simulate the advective-
dispersive-reactive transport of metals through the IOCS column.Langmuir-like
parameters are given in Table 5.2.
5.6.2Bromide BTC in JOGS column
Bromide was selected as our tracer for the displacementexperiments
through IOCS column. The example of the bromidebreakthrough curve was shown
in Figure 5.1. All the tracer breakthroughcurves were nearly symmetrical, and the
values of the retardation factor from the CFII'Mwere very close to 1.0. The flow-
interruption experiment suggested physical non-equilibriumprocesses were
minimal.120
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Figure 5.1: Breakthrough curve of bromide transport through IOCScolumn.
From the above bromide breakthroughcurve data (Figure 5.1), the
retardation factor equals 1.03, and the dispersion coefficient valuesis 0.86 cm2/hr
(0.76-0. 99 cm2/hr; 95% confidence level). This valuewas ten used for modeling the
transport of metal through IOCS columns.
5.6.3Transport behaviors of metal(s) through JOCS column
The breakthrough curves for single-metal experiment forcopper, chromate,
and arsenate through IOCS are shown in Figures 5.2-5.7.The breakthrough curves
for binary systems among those three metalsare shown in Figures 5.7-5.11, and the
combination of three metals breakthroughcurve is given in Figure 5.12.
Copper breakthrough curves for pH 4 and 5arc shown in Figures 5.2 and
5.3. From batch studies (Chapter 3, in this thesis),at pH 4, copper adsorbed around121
10%, while 55% at pH 5. These batch results were consistent withour column data.
At pH 4, Copper started breaking through at pore volume 3 (Figure 5.2), whileat
pore volume 18 at pH 5 (Figure 5.3). The early slope of the breakthrough curve at
the adsorption front was very steep in both pH, andwas followed by a slower
increase towardC/C0= 1. The shape of both breakthrough curves were
asymmetrical and showed long-tailed desorptionprocess. At higher pH (more
Copper sorbed), the breakthrough curve becamemore nonideal (i.e., more
asymmetry, and longer tail).
Figures 5.4 and 5.5 show the chromate breakthroughcurves at pH 5 and 5.8.
Chromate adsorption on IOCS decreased with increasing the pH. Equilibrium
batch results indicated that adsorption capacity of chromatewas about 9% and 7%
at pH 5 and 5.8 respectively. So the shift of pH from 5 to 5.8 decreased the
adsorption around 20%. These resultswere consistent with the column
experimental data. Chromate started breaking throughat pore volume 16 and 8 for
pH 5 and 5.8 respectively. Chromate breakthroughcurves also showed nonideal
behavior with asymmetrical shape and long-tailing.122
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Figure 5.2: Breakthrough curve of 0.01 mM Cu(II) transport through 10cm IOCS
column, at pH 4 and 0.05 M NaNO3.
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Figure 5.3: Breakthrough curve of 0.01 mM Cu(II) transport through10 cm IOCS
column, at pH 5 and 0.05 M NaNO3.123
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Figure5.4:Breakthrough curve of 0.1 mM Cr(VI) transport through 10cm IOCS
column, at pH5and0.05M NaNO3.
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Figure5.5:Breakthrough curve of 0.1 mM Cr(VI) transport through10 cm IOCS
column, at pH 6 and0.05M NaNO3.124
Column experiments for arsenate transport through IOCSwere shown in
Figure5.6and5.7forpH 5and6,respectively. Adsorption capacity from batch
studies indicated about 20% and 17% of arsenate sorbedat pH 5 and 6, which
agreed with the column results. Arsenate started breaking throughat pore volume
24 and 20 for pH 5 and 6, respectively. Arsenate breakthroughcurves also showed
nonideal transport behavior.
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Figure 5.6: Breakthrough curve of 0.1 mM As(V)transport through 10 cm IOCS
column, at pH 5and0.05 M NaNO3.125
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Figure 5.7: Breakthrough curve of 0.1 mM As(V) transport through 10cm IOCS
column, at pH 6 and 0.05 M NaNO3.
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Figure 5.8: Breakthrough curve of 0.01 mM Cu(II) and0.1 mM Cr(VI) transport
through 10 cm IOCS column, at pH 5 and 0.05 M NaNO3.126
Figure 5.8 showed a simultaneous transport of chromate andcopper through
IOCS column at a fixed pH = 5. Results from batch studies suggested slightly
increasing in adsorption for both metals compared with each metal adsorption in
the single-system. The column breakthrough curve confirmed the batch study
results. Chromate formed outer-sphere complex to the oxide surface. This resulted
in altering the surface charge to be more negative, providingmore adsorption for
copper, which formed inner-sphere complexes to adsorb more.127
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Figure5.9:Breakthrough curve of 0.1 mM As(V) and 0.1 mM Cu(H)transport
through 5 cm IOCS column, at pH 5 and 0.05 M NaNO3.
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Figure5.10:Breakthrough curves of 0.01 mM Cu(ll) and0.1 mM As transport
through 10 cm IOCS column, at pH5and0.05MNaNO3128
Two breakthrough curves for the As/Cu binary systems are shown in
Figures5.9and5.10.In Figure5.9,arsenate feed solution initially introduced into
the column. After the surface was saturated by arsenate (C/Co= 1), solution with
binary system of arsenate and copper with the molar ratio of 1:1was then
introduced into the column to investigate the effect ofcopper in arsenate
adsorption. The breakthrough curve of arsenate showeda dip from C/Co 1 to C/Co
0.8 after the binary system was introduced into the column. This indicatedan
enhancement effect of copper on adsorption of arsenate. In batch studies, the
ratio of concentration of copper used in binary system with Arsenatewas at 1:10,
so the effect of copper on arsenate adsorption in batch studies was not clearly
obtained.
Figure 5.10 shows the simultaneous transport ofcopper and arsenate binary
system (with Cu/As molar ratio1:10). The transport behavior of arsenate in this
binary system was almost identical to its behavior in thetransport of individual
arsenate. However, copper significantly adsorbed more withpresence of arsenate
than its individual copper. The copper adsorption front startedbreaking through at
21 and35pore volumes for single and binary (As/Cu) systems respectively.
Figures 5.11 and 5.12 showed transport of As/Cr binarysystem with molar
ratio of 1:1. In Figure5.11,after saturating the column with the chromate solution,
solution of binary system, chromate and arsenate solution,was then introduced into
the column. Immediately after the binarysystem solution was introduced, adsorbed
chromate was desorbed from IOCS surface. This resulted inthe C/C0 of chromate129
above 1. The very steep slope of the desorption front of chromate showed that only
small amount of chromate was left in the column.
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Figure 5.11: Breakthrough curves of 0.1 mM Cr(VI) and 0.1 mM As(V)transport
through 10 cm IOCS column, at pH 5 and 0.05 MNaNO3.
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Figure 5.12: Breakthrough curves of 0.1 mM Cr(VI)and 0.1 mM As(V) transport
through10 cm IOCS column, at pH 5 and 0.05 MNaNO3.130
Figure 5.12 shows the simultaneous transport of As/Cr binarysystem of 1: 1
molar ratio. With simultaneously introduced, chromate started breaking throughat
10 pore volumes and then followed by a steep slope. The portion of breakthrough
curve (C/C0) above 1 showed the same result that adsorbed arsenate would
eventually desorb most of the adsorbed chromate.
Both column experiments confirmed the result of the batch experiments.
With arsenate present in the system, chromate adsorption would be minimumeven
at the As:Cr ratio of 1:2. When comparing the breakthroughcurve of arsenate in
As/Cr binary system and in arsenate single system, therewere no significant
differences in those two.
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Figure 13: Breakthroughcurve of 0.01 mM Cu(II), 0.1 mM Cr(VI), and 0.1 mM
As(V) transport through 10cm IOCS column, at pH 5 and 0.05 M NaNO3.131
Figure 5.13 shows simultaneous transport of copper, chromate, and arsenate
through IOCS column. The result agreed with the results in the binary systems.
With arsenate present, chromate adsorbed for the small period of time, and then
desorbed, and almost no chromate was left in the column before the desorption
process with deionized water. Copper adsorbed more on IOCS with arsenate
present in the system.
5.6.4 Effects of Flow Interruption on Metals Breakthrough Curves
Flow interruption during the transport of reactive solutes isone way to
assess non-equilibrium conditions in the porous media (Brusseau et al., 1989). With
minimal effect on the tracer experiment of flow interruption, physicalnon-
equilibrium was not significant in our experiments. Figures 5.14-5.16 show effects
of flow interruption on copper, chromate, and arsenate breakthroughcurves,
respectively, at pH 5. The flow was interrupted during the sorption periodfor 48
pore volumes for all three metals. After resuming flow, the concentration of all
three metals in the effluent dropped significantly (Figures 5.14-5.16).However, the
percent of the decrease is as follows; copper> arsenate> chromate( 72% ,55%,
and 22%). These results indicate that the chemical non-equilibriumcondition
existing during these metal transport experiments. This non-equilibriumcondition
was resulted from the kinetically limited adsorption. Copper was affected the
greatest by the chemical-non-equilibrium process during transport, followed by
arsenate, and chromate at pH 5.132
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Figure 5.14: Breakthrough curve of 0.01 mM Cu(II) with 48pore volumes
interruption transport through 10 cm IOCS column, at pH 5 and 0.05 MNaNO3.
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Figure 5.15: Breakthrough curve of 0.1 mM Cr(VI) with48 pore volumes
interruption transport through 10cm IOCS column, at pH 5 and 0.05 M NaNO3.133
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Figure 5.16: Breakthrough curve of 0.1 mM As(V) with 48pore volumes
interruption transport through 10 cm IOCS column,at pH 5 and 0.05 M NaNO3.
5.6.5Single-Metal Transport Modeling
The shape of breakthroughcurves of copper, chromate, and arsenate were
asymmetrical and showed long tailing behavior (Figures5.2-5.7). With minimal
effect of physical non-equilibriumprocesses in this study, these nonideal behaviors
are indicative of (i) nonlinear adsorption and/or (ii) rate-limited adsorption(Jardine,
1991). The equilibrium adsorption isotherms for allthree metals were nonlinear
and Langmuir-type, and therewas a likely chance for kinetically limited adsorption
given a small residence time for the columns (2 hours)compared with the time
required to reach the adsorption equilibrium in thebatch studies (72 hours). So both
reasons of nonideal behaviors would be explored.134
The breakthrough curve simulated using the nonlinear local equilibrium
assumption (LEA) model using the Langmuir-type parameters derived
independently from single metal batch experiments failed significantly to describe
the experimental breakthrough curve of copper and arsenate (Figures 5.17, 5.18,
5.21, and 5.22). However, LEA did fit chromate breakthroughcurves adequately
for both pH 5 and 5.8 (Figures 5.19, and 5.20). Many similar unsuccessthl results
for local equilibrium assumption model were reported (Gaberetal.,1992; Hodges
and Johnson, 1987; Kookanaetal.,1992; Kookana 1994; Porroetal., 2000;
Akratanakuletal.,1983; Milleretal.,1989; Theis,etal.,1988).135
Figure 5.17: Modeling of Breakthroughcurve of 0.01 mM Cu(ll) transport through
10 cm IOCS column, at pH 4 and 0.05 M NaNO3.
Figure 5.18: Modeling of Breakthroughcurve of 0.01 mM Cu(II) transport through
10 cm IOCS column, at pH 5 and 0.05 M NaNO3.136
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Figure 5.19: Modeling of Breakthroughcurve of 0.1 mM Cr(V1) transport through
10 cm IOCS column, at pH 5 and 0.05 MNaNO3.
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Figure 5.20: Modeling of Breakthroughcurve of 0.1 mM Cr(VI) transport through
10 cm IOCS column, at pH 5.8 and 0.05 MNaNO3.137
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Figure 5.21: Modeling of Breakthroughcurve of 0.1 mM As(V) transport through
10 cm IOCS column, at pH 5 and 0.05M NaNO3.
1.2
1.0
0.8
I 0.6
As(V)datal 0.4
H6I
::: IL I::E
0 20 40 60 80 100 120
Pore Volume
Figure 5.22: Modeling of Breakthroughcurve of 0.1 mM As(V) transport through
10 cm IOCS column, at pH 6 and 0.05 MNaNO3.138
So the main contribution of the nonideal transport behaviors forcopper and
arsenate would be clearly from kinetically limited adsorption. The kinetically-
limited resulted in the earlier breakthrough of both metals compared with the
prediction by the LEA model (Figures 5.17, 5.18, 5.21, and 5.22).
The LEA model adequately described chromate transport through IOCS and
suggested fast kinetic sorption for chromate, and thiswas consistent with the
smallest percent drop of concentration in the flow interruption experimentsamong
the three metals. Again, chromate was wealdy sorbedon IOCS. Its batch capacity
at pH 5 was around 9%, compared with 20% and 55% for arsenate andcopper
respectively. We may imply that assumption of local equilibrium for advection-
dispersion transport model works better for wealdy-sorbed ions (e.g., chromate)
than strongly-sorbed ions (eg., arsenate, and copper).
In addition to the rate limited adsorptionreason, other physical
experimental conditions might contribute to the discrepancy between theadsorption
in batch and column studies such as (i) high solution-to-soil ratio inbatch studies,
or (ii) shaking and centrifuging samples in batch studies. These conditions would
lead into higher adsorption capacities for the batch conditions.139
Table 5.3:R2values comparisons between the LEA model and the two-site model
pH____________R2
LEA modelTwo-site model
opper 4.0(
5.0(
0.0001
0.5
0.91
0.9'
hromat 5.0(
5.8(
0.73
0.7
0.92
0.92
rsenate 5.0(
6.0(
0.0'
0.41
0.71
0.88
With the evidence of rate-limited adsorption, the two-site non-equilibrium
model (Selimetal.,1976) was used. Two adjustable parameters were included in
the model(ffraction of instantaneous sorption site, and ct, first-order kinetic rate).
This two-site model was based on the assumption of instantaneous equilibrium
adsorption on the equilibrium sites and time-dependent rate-limited adsorptionon
the kinetic sites. The equilibrium sorption parameters for the equilibrium siteswere
the batch Langmuir-like parameters, which were the sameas in the LEA model
(Table 5.2). However, thetwokinetic parameters were obtained by fitting the metal
breakthrough curves. The computer program HYDRUS2D (Simuneket al.,2000)
was then used to fit the breakthrough curves to estimate the best-fit value of both
parameters. The best-fit values of parametersf and a are reported in Table 5.2.
In the context of the two-site non-equilibrium model, the initial increase in
concentration should reflect saturation of equilibrium sites, while the durationof
tailing is governed by the kinetic rate (a) for the rate-limited sites (Jardineetal.,140
1988). Application of the two-site model to the experimental data significantly
improved the behavior of copper and arsenate transport. It also improved the
description of chromate transport.
Figures 5.17 and 5.18 show the model fits for the breakthroughcurves of
copper at pH 4 and 5, respectively. TheR2values from simulation with the LEA
model were very small, but with the two-site model, theR2values were improved
and close to 1.00 (Table 5.3).
Thef values were 0.37 at pH 4 and 0.24 at pH 5, whichwere the lowest
among the three metals. Only around 30% of the copper was sorbed to the
instantaneous sites, and 70% was sorbed to the kinetically controlled sites. This
indicates that, under the experimental conditions, sorption ofcopper during the
transport through IOCS was the greatest kinetically controlled among the three
metals.
Modeling of chromate transport is shown in Figures 5.19 and 5.20. Thef
values for both cases were close to 1. This explains why the LEA modelpredicted
the transport of chromate fairly well.
Model simulations for the transport of arsenatewere shown in Figures 5.21
and 5.22. The implication of the two-site model improvedthe description of
arsenate transport over the LEA model. However, the model cannot describe the
desorption front very well.141
5.6.6 Multi-Metal Transport Modeling
Sorption parameters used were from the Langmuir-type sorption isotherms
(single-metal batch-derived), while kinetic parameterswere from the single-metal
breakthrough curves fitted using the HYDRUS2Dprogram. All parameters are
shown in Table 5.2.
Figures 5.23-5.26 show model predictions of transport in multi-metal
systems at pH 5.0 using sorption and kinetics parameters from single-metal
transport model. Arsenate transport behavior did not vary much withcopper and/or
chromate present. Therefore, the model predicted arsenate transport adequately.
However, identical to single arsenate transport, the model didnot describe
desorption parts very well (Figures 5.24, 5.25, and 5.26). The modelprediction
inadequately described chromate transport witharsenate present (Figure 5.25, and
5.26). The model failed to predict the portion above C/Co= 1 and desorption fronts
(Figure 5.25, and 5.26). The model also failed to predictcopper transport when
arsenate is present (Figure 5.24 and 5.26).142
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Figure 5.23: Prediction of 0.01 mM Cu(ll), and 0.1 mM Cr(V1) transport through
10 cm IOCS column using parameters from single-metal systems, at pH 5 and 0.05
M NaNO3.
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Figure 5.24: Prediction of 0.01 mM Cu(ll), and 0.1 mM As(V)transport through 10
cm IOCS column using parameters from single-metal systems, at pH 5 and 0.05 M
NaNO3.143
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Figure 5.25: Prediction of 0.1 mM Cr(VI), and 0.1 mM As(V)transport through 10
cm IOCS column using parameters from single-metal systems, at pH 5 and 0.05 M
NaNO3.
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Figure 5.26: Prediction of 0.01 mM Cu(ll), 0.1mM Cr(VI) and As(V) transport
through 10 cm IOCS column using parameters fromsingle-metal systems, at pH 5
and 0.05 MNaNO3.144
The ElM surface complexation constants for multi-metal sorptionon IOCS
at fixed pH can be rearranged into the form of a multicomponent Langmuir
sorption isotherm. The derivation follows the same approachas the single-metal
derivation (section 5.4). A general equilibrium Langmuir sorption isotherm fora
multicomponent adsorption system can be written as follows:
a1C1
(5.33)
1+ 1b1C
From chapter 3, the ElM surface species were postulated as:
Copper: [S1OCu]and[S2OCu]
Chromate: [S1OH2CrO], [S2OH2HCrO4], and [S2OH2CrO]
Arsenate: [S1H2AsO4], [S1AsO ],and[S2H2AsO4]
Multicomponent equilibrium Langmuir sorption isotherms derived from
multi-metal ElM constants at a fixed pH value of 5are shown below for each
multi-metal system. All concentrations are in units of mgfL.
Copper/Chromate Binary System
[=S1OCu] =
0.O133[Cu2 ]
1 + 0.0872[Cu2}T+ 0.0072 [CrO]T
0.0401[Cu2JT [=S2OCu]
1+0.1934.[Cu2}T+0.0478.[CrO]
0.0009 [CrO] [= S1OH2CrO]
1+0.0872.[Cu2]+0.0072.[CrO]
(5.34)
(5.35)
(5.36)[= S2OH2HCrO4]+[ S2OH2CrO] =
Copper/Arsenate Binary System
[=S1OCu] =
0.0081 .[CØ]
1-,- 0. 1934[Cu2}T+0.0478.[CrO]
O.0342 [Cu2 ]
1 + 0.2242 [Cu2] + 0.1297[MO]T
0.0697 [Cup]T [= S2OCu]
1+0.3360.[Cu2] +0.0004[AsO]
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(5.37)
(5.38)
(5.39)
0.0233 [AsO]
(5.40) [= S1H2AsO4]+[= S1AsO4}
1 + 0.2242 [Cu2] + 0.1297 [AsO]
0.0001[AsO]T
(5.41) [= S2H2AsOJ
1 + 0.3360 [Cu2]T + 0.0004 [AsO]
Chromate/Arsenate Binary System
0.000002 [CrO]T (5.42) [=S1OH2CrO4}
1+0.000015.[CrO] +0.1183.[MO]
0.000 1 .[CrOJ [= S2OH2HCrO4] +[= SOHCrO]
1 + 0.0006 .[Cr(J2] + 0.0005 .[L4O]
0.0213 [AsO]T [= S1H2AsO4]+[= S1MO]
1+0.000015.[CrO]T+ 0.1183[AsOJT
(5.43)
(5.44)
0.0001.[AsO]T
(5.45) [= S2H2AsO4]
1 + 0.0006.[CrO]T+ 0.0005 [AsO]Copper/Chromate/Arsenate Ternary System
0.0253[Cu2 ] [=S1OCu] =
1+0.1662.[Cu2]T+0.00004[CrO]T+0.1327[AsO]T
0.0782[Cu2] [=S2OCu] =
1 + 0.3770[Cu2}T+ 0.0023 {CrO]T+ 0.0007 [AsO]
146
(5.46)
(5.47)
0.000005. [CrO ]
[=S1OH2CrO4] =
1--0.1662.[Cu2]T +0.00004.[CrO}T+0.1327.[AsO]
(5.48)
[= S2OH2HCrO4]+[= S2OH2CrO] =
0.0004[CrO]
1 + 0.3770[Cu2 ] + 0.0023 .[CrO] + 0.0007 [AsO]
(5.49)
[= S1H2AsO4}+[= S1AsO1=
0.0239 .[AsO]
1+0.1662.[Cu2]T +0.00004.[CrO1T +0.1327.[AsOT
(5.50)
0.0002 .[MO]T [=S2H2AsO4] =
1+0.3770.[Cu2]T+0.0023.[CrO]+0.0007[AsO]T
(5.51)147
For multi-metal transport modeling, kinetic parameters (land a)were
assumed to have the same values as obtained for the single-metal transport (Table
5.2).
To model the transport, these sorption isotherms need to be incorporated
into the transport model. However, the computer program HYDRUS2D doesnot
accommodate the multicomponent Langmuir isotherm form. In this situation,
reasonable assumptions and simplifications were made to transform these isotherms
into the normal Langmuir isotherm form.
Maximum total concentrations in this study forcopper, chromate, and
arsenate were 0.70, 6.0, and 7.50 mgfL, respectively. The denominator of each
isotherm contains the addition of integer 1 and products of constants and the total
concentration of the metals in the system.
Considering the Cu/As binary system on Sj site type,
For copper adsorption,
0.0342.[Cu2]
(5.38) [= S1OCu]
1+0.2242.[Cu21T +0.1297.[AsO]T
There is a [AsO}term in the denominator. If ignore thatterm, it yields
[=S1OCu] 0.0342.[Cu2]T
1+0.2242.[Cu2]
(5.52)
This sorption isotherm would produce maximum sorptionfor [= S1OCu].148
Or if we consider maximum possible value of the[AsO.]term
(0. 1297x7.50 = 0.97),this would yield
0.0342 [Cu2 Ir
[=S1OCu] = (5.53)
1.97 + 0.2242 [Cu2]T
This sorption isotherm, in contrast, would produce minimum sorption for
[= S1OCif].
Similarly, for arsenate adsorption,
Maximum sorption isotherm;
0.0233 [AsO]
(5.54) [= S1H2AsO4]+[= S1AsO]
1 + 0. 1297 [AsO]
Minimum sorption isotherm;
[= S1H2AsO4]+[=S1AsO] =
0.0233 [AsO ]
1.16 + 0.1297. [AsO ]
So for each metal in multi-metal systems, two sorption isotherms
(5.55)
(maximum and minimum sorption isotherms)can be derived and used to simulate
the breakthrough curves using theHYDRUS2Dprogram.
Figures5.27-5.3 0 showmaximum and minimum metal breakthroughcurve
predictions in multi-metal systems. Figure5.27shows predictions in the Cu/Cr
system. The model predicts the transport of chromate adequately, while it predicts
later breakthrough compared with experimental data. In Cu/Assystem (Figure
5.28),again, the model overestimates copper adsorption, which leadsto later
breakthrough compared to the data. For arsenate, the model predictswell the
adsorption part, but inadequately predicts the desorptionpart similar to the single-149
metal system. The model prediction fails significantly to describe chromate
transport with arsenate present (Figure 5.29, and 5.30). The model does not predict
the C/Co portion greater than 1 at all. The ElM constants were obtained at
equilibrium in batch studies. They do not account for competitiveor additive
effects between solutes before reaching equilibrium. At equilibrium, onlya small
amount of chromate is adsorbed on IOCS when arsenate is present. This results in
very fast chromate breakthrough from the model (Figures 5.29 and 5.30). Model
predictions for copper and arsenate in Cr/As, and Cu/Cr/As multi-metalsystems
were similar to the predictions in Cu/Cr and CU/AS multi-metal systems.150
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Figure 5.27: Prediction of 0.01 mM Cu(ll), and 0.1 mM Cr(VI) transport through
10 cm IOCS column using parameters from multi-metal system, at pH 5 and 0.05
M NaNO3.
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Figure 5.28: Prediction of 0.01 mM Cu(ll), and 0.1 mM As(V)transport through 10
cm IOCS column using parameters from multi-metal system, at pH 5 and 0.05 M
NaNO3.151
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Figure 5.29: Prediction of 0.1 mM Cr(VI), and 0.1 mM As(V) transport through 10
cm IOCS column using parameters from multi-metal system, at pH 5 and 0.05 M
NaNO3.
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Figure 5.30: Prediction of 0.01 mM Cu(ll), 0.1 mM Cr(VI) and As(V)transport
through 10 cm IOCS column using parameters from multi-metalsystem, at pH 5
and 0.05 M NaNO3.152
5.7 Summary and Conclusions
Copper, chromate, and arsenate were all significantly retarded due to the
adsorption reaction during transport in the iron-oxide coated sand (IOCS) packed
column. Breakthrough curves for the transport of copper, chromate, and arsenate
showed asymmetrical shapes and long-tailing behavior. Breakthroughcurves
showed an initial steep slope followed by a slowly increasing adsorption limb.
Consistent with the batch results, in the presence of arsenate, chromate mobility
significantly increased. Copper and arsenate transport behaviorswere not affected
by each other in this study, while chromate and copper enhanced each other's
adsorption, which contributed to later time of breakthrough compared with their
individual breakthrough curves.
Physical non-equilibrium (mobile-immobile phase), chemicalnon-
equilibrium, or nonlinear sorption generally contributed to the nonideal behavior of
reactive solute transport. With minimal effects of flow interruption witha tracer
and a small degree of asymmetrical shape in tracer breakthroughcurve, physical
non-equilibrium processes were not significant. However, flow interruption
experiments performed on the metals showed significant effects of chemicalnon-
equilibrium sorption during transport for each metal. At pH 5,copper was the most
affected by chemical non-equilibriumprocesses followed by arsenate and
chromate.
The nonlinear Langmuir-type sorption isothermswere derived for each
metal from the ElM surface complexation model. Withone set of surface153
complexation constants from ElM model, the Langmuir-type sorption parameters
can be derived at any desired pH values without additional experiments at
particular pH values.
Modeling the transport of the metals using the local equilibrium assumption
(LEA) using nonlinear sorption parameters failed significantly to describe the
behavior of copper and arsenate transport. However, the LEA model predicted the
transport of chromate fairly well.
The two-site sorption model, which accounts for the rate-limited sorption,
yielded an impressive improvement on the fit of the breakthroughcurves in single-
metal systems. The fitting parameterf (fraction of instantaneous sorption sites)was
about 0.30, 0.75, and 0.50 for copper, chromate, and arsenate in this study, whichis
consistent with the result for flow interruption experiments. Wemay imply that the
assumption of local equilibrium(f1) works better for modeling the transport of
weakly-sorbed ions (e.g., chromate) than strongly-sorbed ions (e.g.,arsenate and
copper). However, the model was partially successful in predictingtransport in
multi-metal systems.154
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND ENGINEERING
SIGNIFICANCE
6.1 Summary
The mixed metal compound, Chromated Copper Arsenate, or CCA, has
been widely used as a wood preservative. The metal ions in
CCA, CrO, Cu2, and AsO, have been found in contaminated surface and
subsurface soils and groundwater nearby some wood preservative facilities. Iron
oxides are a ubiquitous soil-coating constituent and are believed to be a main factor
in controlling the transport and fate of many metals in the soil solution. In this
research, iron-oxide-coated sand (IOCS) is used as a surrogate soil, or porous
medium, to investigate the adsorption and transport behavior of the mixed metals
solution, copper, chromate, and arsenate, in the subsurface environment.
Laboratory batch and packed colunm continuous flow experiments were conducted
with single and multi-metal systems.
The additive andlor competitive adsorption effects among copper,
chromate, and arsenate ions were reported. Results are interpreted in the context of
the triple-layer model of the iron oxide surface. Copper and arsenatewere strongly
sorbed and formed inner-sphere surface complexes, while chromatewas weakly
sorbed and formed an outer-sphere surface complex with the IOCS surface. Copper
adsorption increases with increasing pH. The presence of arsenate in the solution162
slightly increases, while chromate has minimal effect, on the amount of copper
adsorbed. Chromate adsorption decreases with increasing pH. With arsenate
present in solution, chromate adsorption is significantly suppressed over the pH
range studied. In contrast, the presence of copper slightly increases chromate
adsorption. Similar to chromate, arsenate adsorption decreases with increasing pH.
The presence of chromate or copper does not affect the amount of arsenate
adsorb,ed over the range of concentrations in this study.
The results of the laboratory batch studies suggest that competitive and
enhanced adsorption effects are important and need to be considered in predicting
the fate and transport of metals mixtures. In particular, for CCA contamination in
soils, chromate will be highly mobile due to competitive adsorption by arsenate,
copper mobility will be reduced by the enhanced adsorption effects of arsenate, and
arsenate mobility will be little affected by the presence of chromate and copper.
Two surface complexation models, the triple layer model (TLM) and an
electrostatic implicit model (ElM), were used to simulate equilibrium adsorption in
both single-metal and multi-metal systems. The electrostatic TLM requires only
one type of surface site, while the ElM, without explicit electrostatic terms,
requires two types of surface sites with different ion binding affinities in order to fit
the data. Simulations using the specific surface complexation equilibrium constants
derived from either the single-metal or the multi-metal systems with both the TLM
and the ElM were successful in predicting adsorption in that respective singleor
multi-metal system. However, simulations with both models using the surface163
complexation equilibrium constants derived from the single-metal systems were not
always successful in predicting adsorption in multi-metal systems. The ElM for
each single-metal fit provides possible sets of reaction combinations, which lead to
a universal set of reactions that can be used to fit the adsorption data, both in
single-metal and multi-metal systems. The corresponding set of "conditional"
surface complexation equilibrium constants of the ElM support its application for
modeling the fate and transport of metals in complex environmental systems.
The transport of copper, chromate, and arsenate through IOCS packed
columns was significantly retarded. The additive and competitive adsorption
among the three metals from batch experiments was confirmed in the column
experiments. The sorption parameters were derived from electrostatic implicit
surface complexation model constants from batch experiments at fixed pH. The
local equilibrium assumption using these sorption parameters failed to predict
copper and arsenate transport, while adequately describing chromate transport. The
breakthrough curves of all three metals were asymmetrical and showed long-tailing
behavior. This nonideal behavior is caused by nonlinear sorption and/or non-
equilibrium conditions during transport. The results from flow interruption
experiments with a tracer showed no significant effect from the diffusion between
mobile and immobile regions (physical non-equilibrium). However, flow
interruption performed on the metals showed significant effects from rate-limited
sorption (chemical non-equilibrium), with the greatest effect on copper, followed
by arsenate and chromate. The two-site chemical non-equilibrium model, which164
accounts for kinetically controlled adsorption sites, was able to fit the observed
breakthrough curves for all three metals in single-metal systems. However, the
model was partially successful in predicting transport in multi-metal systems.
6.2 Conclusions
The following specific conclusions are made based on the results of this
research:
1. Adsorption of copper, chromate, and arsenate in single-metal systems on
IOCS was strongly pH dependent. Copper adsorption showed typical cationic
adsorption behavior on the iron-oxide surface, increasing adsorption with
increasing pH. The amount of copper adsorbed increased from lower than 5%
around pH 3 to nearly complete adsorption above pH 6.5. Chromate and arsenate
adsorption edges were very similar, with the adsorption decreasing with increasing
pH. Chromate adsorption decreased from 14% at pH 3 to nearly 2% at pH 7, while
arsenate adsorption dropped from 23% at pH 2.5 to around 10% at pH 7.5.
2. For copper, the presence of arsenate slightly enhanced copper adsorption
due to the more negative surface charge at the inner plane by the adsorbed arsenate,
while chromate, which adsorbed on the outer plane, did not alter the amount of
copper adsorbed. For chromate, with arsenate present in solution, chromate
adsorption was significantly suppressed to nearly zero over the pH range studied165
(pH from 3 to 8). This effect results from the altered electrostatic potential at the
outer plane by the strongly adsorbed arsenate from the inner plane. In contrast, the
presence of copper slightly increased chromate adsorption onto IOCS. For arsenate,
the presence of chromate and copper did not affect the amount of arsenate adsorbed
over the range of concentrations and pH in this study.
3. The TLM was successfully used to describe adsorption of copper,
chromate and arsenate in both single-metal and multi-metal systems using inner-
sphere surface complexation for copper and arsenate, and outer-sphere surface
complexation for chromate over the ranges of concentration and pH studied.
However, in some cases, the TLM did not fit adsorption very accurately; the TLM
underpredicted arsenate adsorption at low pH in multi-metal systems and also
underpredicted copper adsorption at low pH. The two-site ElM also well fitted
copper, chromate, and arsenate adsorption experimental data in both single-metal
and multi-metal systems.
4. Nonlinear Langmuir-type sorption isotherms were derived for each metal
from the ElM surface complexation model. With one set of surface complexation
constants from the ElM model, the Langmuir-type sorption parameters at any
desired pH without more experiments at each particular pH could be derived. This
sorption isotherm was then incorporated into the transport model. Modeling the
transport of the metals using the local equilibrium assumption (LEA) using
nonlinear sorption parameters failed significantly to describe the behavior of copper166
and arsenate transport(R2values <0.10). However, the LEA model predicted the
transport of chromate fairly well.
5. As shown by the minimal effects of flow interruption with a tracer and a
small degree of asymmetrical shape in the tracer breakthrough curve, physical non-
equilibrium processes were not significant in packed colunm experiments.
However, flow interruption experiments performed on the metals transport through
IOCS packed columns showed significant effects of chemical non-equilibrium or
rate-limited sorption during each metal's transport. At pH 5, copper was the most
affected by chemical non-equilibrium processes followed by arsenate and
chromate.
6. The two-site chemical non-equilibrium model, which also accounts for a
rate-limited site besides a local equilibrium site, fitted well the observed
breakthrough curve data of all three metals in single-metal systems. However, the
model was only partially successful in predicting transport in multi-metal systems.
6.3 Engineering Significance
JOCS can be well used as a surrogate soil for subsurface porous medium.
The competitive/additive effects among copper, chromate, and arsenate in mixed-
metal systems reported in this study provided a more understandable picture of167
metals mobility in the subsurface, which could be very useful information for
remediation strategies.
The electrostatic implicit model (ElM) effectively predicts the adsorption of
metals on the heterogeneous IOCS adsorbent over a wide range of pH (3 to 8). The
use of adsorption parameters from the ElM for modeling the advective-dispersive
transport of metals in porous media is more flexible and useful for a wider range of
environmental conditions than the empirical Freundlich or Langmuir sorption
isotherms, whose parameters vary with changing solution composition (e.g. pH or
ionic strength).
Without electrostatic terms in the ElM model, equilibrium Langmuir-type
adsorption parameters at a fixed pH could be derived. This is beneficial for easily
integrating the ElM into an advective-dispersive transport model since there are
several solute transport computer programs that already have Langmuir adsorption
isotherm simulation capability.
The local equilibrium assumption proved to give a good prediction of
transport and retardation in the subsurface for weakly-sorbed ions like chromate.
However, results in this study showed that physical andlor chemical non-
equilibrium during transport could play a considerable role in metals transport
behavior for strongly sorbing cations and anions.
Surface complexation model for metals adsorption in this study coupled toa
solute transport code, which includes chemical non-equilibrium assumption, shows
promising results in predicting transport behavior of metals in single and multi-168
metal systems in the subsurface. This model could be an essential tool for planning
remediation strategies.169
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APPENDICES181
Appendix A: Experimental Data
Table A. I Effect of solution pH on Cu(II) adsorption by IOCS, initial [Cu(II)]=
0.01 mM
TubeIOCSmi. pHeq. pH eq. Cu(II) Cu(II) Ads % Ads
(g) (mg/L)(mol/g IOCS)
11.0000 2.97 3.08 0.6799 3.32E-09 0.62%
20.9993 2.97 3.03 0.6814 2.14E-09 0.40%
31.0002 3.50 3.56 0.6529 2.46E-08 4.56%
40.9991 3.50 3.57 0.6411 3.39E-08 6.29%
50.9993 4.04 4.11 0.6189 5.14E-08 9.54%
61.0028 4.04 4.06 0.6012 6.51E-08 12.09%
70.9997 4.98 4.73 0.5111 l.36E-07 25.30%
81.0023 4.98 4.78 0.4812 1.59E-07 29.59%
91.0007 5.45 5.45 0.2315 3.56E-07 66.11%
100.9992 5.45 5.43 0.2512 3.41E-07 63.33%
111.0017 6.15 4.47 0.5584 9.88E-08 18.35%
120.9988 6.15 5.64 0.1833 3.95E-07 73.29%
130.9997 6.50 5.99 0.03 11 5.14E-07 95.48%
140.9993 6.50 5.81 0.0422 5.05E-07 93.90%
Table A.2 Effect of solution pH on Cr(VI) adsorption by IOCS, initial [Cr(VI)]
0.1 mM
TubeIOCSml. pHeq. pHeq. Cr(VI) Cr(V1) Ads % Ads
(g) (mg/L)(mol/g IOCS)
10.9997 2.80 2.78 4.5211 6.71E-07 13.38%
21.0001 2.80 2.70 4.5024 6.89E-07 13.73%
31.0001 3.50 4.12 4.5891 6.06E-07 12.07%
41.0012 3.50 4.08 4.6212 5.74E-07 11.44%
51.0008 4.06 4.88 4.6990 5.00E-07 9.96%
61.0022 4.06 4.76 4.6960 5.02E-07 10.00%
70.9994 5.00 5.81 4.8859 3.21E-07 6.39%
81.0025 5.00 5.44 4.8712 3.34E-07 6.65%
90.9994 6.20 5.83 4.8924 3.14E-07 6.27%
101.0014 6.20 5.91 4.8874 3.19E-07 6.35%
111.0003 7.50 6.82 5.0125 1.99E-07 3.96%
121.0005 7.50 6.85 5.0012 2.1OE-07 4.17%
131.0008 9.40 7.15 5.1122 1.03E-07 2.05%
141.0004 9.40 7.20 5.1023 1.12E-07 2.24%182
Table A.3 Effect of solution pH on As(V) adsorption by JOCS, initial {As(V)] = 0.1
mM
TubeIOCSmi. pHeq. pH eq. As(V) As(V) Ads % Ads
(g) (mg/L)(mol/g IOCS)
11.0008 2.80 2.64 6.1102 1.14E-06 21.86%
21.0007 2.80 2.63 6.0346 1.19E-06 22.83%
31.0004 3.50 3.81 6.0922 1.15E-06 22.10%
41.0007 3.50 3.91 6.0122 1.21E-06 23.12%
51.0014 4.50 5.32 6.3211 1.00E-06 19.16%
61.0006 4.50 5.32 6.3712 9.67E-07 18.53%
71.0012 5.00 6.24 6.4443 9.18E-07 17.59%
81.0001 5.00 6.15 6.5795 8.29E-07 15.88%
91.0006 7.52 7.05 7.0463 5.17E-07 9.90%
101.0016 7.52 7.02 6.9899 5.54E-07 10.61%
111.0034 9.40 7.21 7.1210 4.66E-07 8.92%
121.0009 9.40 7.18 7.0278 5.29E-07 10.14%
131.0011 10.00 7.44 7.1207 4.67E-07 8.95%
141.0025 10.00 7.43 7.0552 5.1OE-07 9.77%Table A.4 Cu(II) and Cr(VI) adsorption by IOCS in binary system, initial [Cu(II)]0.01 mM, initial [Cr(VI)] = 0.1 mM
TubeIOCS mi. pH eq. pH eq. Cr(YI)eq Cu(II)Cr(VI) Ads Cu(II) Ads % Cr(VI)% Cu(II)
(g) (mg/L) (mgIL)(mol/g-IOCS)(mol/g-IOCS) Ads Ads
11.0002 2.93 2.83 4.9931 0.6075 8.58E-07 -6.87E-0915.16% -1.46%
21.0010 2.93 2.82 4.9511 0.5867 8.98E-07 9.55E-0915.86% 2.03%
31.0012 4.00 4.10 5.0840 0.5214 7.70E-07 6.08E-0813.60%12.91%
41.0011 4.00 3.98 5.1070 0.5311 7.48E-07 5.32E-0813.22% 11.29%
51.0016 4.50 4.75 5.1738 0.4121 6.83E-07 1.47E-0712.08%31.13%
61.0005 4.50 4.63 5.1509 0.4517 7.06E-07 1.16E-0712.48%24.56%
71.0023 5.44 9.29 5.9372 0.0000 -4.94E-08 4.70E-07-0.87%99.77%
81.0027 5.44 5.47 5.1934 0.1921 6.64E-07 3.19E-0711.73%67.73%
91.0010 6.33 6.18 5.3396 0.0278 5.25E-07 4.49E-07 9.27%95.26%
101.0021 6.33 6.07 5.2794 0.0299 5.82E-07 4.47E-0710.28%94.81%
111.0013 9.16 7.42 5.5615 0.0000 3.11E-07 4.71E-07 5.50%99.87%
121.0013 9.16 7.40 5.6270 0.0000 2.48E-07 4.71E-07 4.39%99.87%
131.0001 9.90 7.09 5.5126 0.0000 3.59E-07 4.71E-07 6.34%99.99%
140.9988 9.90 7.09 5.5315 0.0000 3.41E-07 4.72E-07 6.03%100.12%
00Table A.5 Cu(II) and As(V) adsorption by IOCS inbinary system, initial [Cu(II)] = 0.01 mM, initial [As(V)]0.1 mM
TubeIOCS mi. pH eq. pHeq. As(V)eq Cu(II) As(V) Ads Cu(II) Ads% As(V)% Cu(II)
(g) (mg/L) (mgIL)(mol/g-IOCS)(mol/g-IOCS) Ads Ads
11.0001 3.153.10 6.0666 0.7707 1.07E-06 1.47E-0820.86% 2.37%
21.0029 3.15 3.13 5.8122 0.7576 1.23E-06 2.50E-0824.11% 4.02%
30.9990 4.02 4.21 6.0260 0.6068 1.1OE-06 1.44E-0721.41%23.16%
41.0022 4.02 4.17 6.2457 0.5911 9.46E-07 1.56E-0718.49%25.07%
51.0033 5.05 5.50 6.5987 0.1968 7.1OE-07 4.65E-0713.88%74.82%
60.9994 5.05 5.46 6.4268 0.1985 8.28E-07 4.65E-0716.17%74.90%
71.0021 6.00 5.89 6.3507 0.0438 8.76E-07 5.86E-0717.12%94.25%
81.0018 6.00 5.91 6.5106 0.0350 7.70E-07 5.93E-0715.04%95.39%
91.0007 7.50 7.01 6.4735 0.0000 7.95E-07 6.21E-0715.54%99.93%
101.0014 7.506.95 6.7540 0.0000 6.08E-07 6.20E-0711.88%99.86%
111.00269.50 7.14 6.7424 0.0000 6.15E-07 6.20E-0712.02%99.74%
121.0011 9.50 7.14 6.7922 0.0000 5.83E-07 6.21E-0711.39%99.89%
131.002810.30 7.24 6.8814 0.0000 5.22E-07 6.19E-0710.21%99.72%
141.000510.30 7.29 6.9922 0.0000 4.49E-07 6.21E-07 8.79%99.95%
-I
00Table A.6 Cr(VI) and As(V) adsorption by IOCS in binarysystem, initial {Cr(VI)J = 0.1 mM, initial [As(V)] = 0.05 mM
Tube IOCS mi. pH eq. pH eq. Cr(VI)eq As(V)Cr(VI) Ads As(V) Ads % Cr(VI) % As(V)
(g) (mg/L) (mg/L)(mot/g-IOCS)(mol/g-IOCS) Ads Ads
11.0000 3.11 3.14 5.0038 2.3315 5.14E-08 9.41E-07 1.06%37.68%
21.0020 3.11 3.14 4.9756 2.3811 7.84E-08 9.06E-07 1.61%36.28%
31.0010 3.96 4.53 4.9856 2.6342 6.89E-08 7.38E-07 1.42%29.56%
41.0027 3.96 4.32 4.9821 2.5896 7.21E-08 7.66E-07 1.48%30.69%
51.0017 4.96 4.97 5.0029 2.6982 5.22E-08 6.95E-07 1.07%27.83%
60.9989 4.96 4.79 5.0120 2.6305 4.36E-08 7.42E-07 0.90%29.72%
71.0010 5.96 5.19 4.9931 2.7793 6.17E-08 6.41E-07 1.27%25.68%
81.0015 5.96 5.24 5.0063 2.7410 4.90E-08 6.66E-07 1.01%26.69%
91.0012 7.50 6.84 5.0276 3.1549 2.85E-08 3.91E-07 0.59%15.65%
101.0022 7.50 6.91 4.9916 3.1275 6.30E-08 4.09E-07 1.30%16.36%
111.0002 8.96 7.23 5.0274 3.3987 2.87E-08 2.28E-07 0.59% 9.15%
120.9998 8.96 7.22 5.0482 3.4422 8.75E-09 1.99E-07 0.18% 7.99%
131.001210.00 7.50 5.0926 3.5152 -3.39E-08 1.51E-07-0.70% 6.03%
141.000810.00 7.52 5.0408 3.5231 1.59E-08 1.45E-07 0.33% 5.82%
00Table A.7 Cr(VI) and As(V) adsorption by IOCS in binary system, initial [Cr(VI)] = 0.1 mM, initial [As(V)] = 0.1 mM
TubeIOCS ml. pH eq. pH eq. Cr(VI)eq As(V)CrVI Ads As(V) Ads % Cr(VI)% As(V)
(g) (mg/L) (mgIL)(mol/g-IOCS)(mol/g-IOCS) Ads Ads
10.9992 2.92 2.93 4.9412 6.2733 5.14E-08 1.22E-06 1.07%22.53%
21.0002 2.92 2.85 4.9716 6.3109 2.21E-08 1.19E-06 0.46%22.05%
31.0024 4.00 5.36 4.9811 6.5941 1.29E-08 1.00E-06 0.27% 18.51%
41.0017 4.00 4.15 4.9910 6.4634 3.46E-09 1.09E-06 0.07%20.13%
51.0029 5.30 5.73 4.9626 6.7527 3.07E-08 8.94E-07 0.64% 16.55%
61.0010 5.30 5.42 5.0096 6.7581 -1.44E-08 8.92E-07-0.30% 16.5 1%
71.0009 6.36 6.26 4.9960 6.9777 -1.34E-09 7.46E-07-0.03% 13.80%
81.0004 6.36 6.14 4.9921 6.7994 2.40E-09 8.65E-07 0.05%16.01%
90.9993 7.46 6.73 4.9809 6.9941 1.32E-08 7.36E-07 0.27%13.62%
101.0002 7.46 6.77 4.9916 6.9615 2.88E-09 7.57E-07 0.06%14.01%
111.0012 9.31 7.18 4.9926 7.4206 1.92E-09 4.50E-07 0.04% 8.33%
121.0028 9.31 7.22 4.9786 7.3184 1.53E-08 5.18E-07 0.32% 9.58%
130.9993 9.96 7.34 5.0073 7.6938 -1.22E-08 2.69E-07-0.25% 4.97%
141.0003 9.96 7.30 4.9515 7.5431 4.14E-08 3.69E-07 0.86% 6.83%
00Table A.8 Cr(VI) and As(V) adsorption by IOCS in binary system, initial [Cr(VI)]0.1 mM, initial [As(V)] = 0.2 mM
% Cr(VI) % As(V)
TubeIOCS mi. pH eq. pH eq. Cr(VI)eq As(V)Cr(VI) Ads Ads Ads Ads
(g) (mg/L) (mg/L)(mol/g-IOCS)(mol/g-IOCS)
11.0007 3.10 3.40 5.2872 12.3010 4.04E-08 1.88E-06 0.79% 18.63%
21.0001 3.10 3.20 5.2997 12.4080 2.84E-08 1.81E-06 0.55% 17.93%
31.0004 4.20 4.74 5.4207 13.3490 -8.79E-08 1.18E-06-1.72% 11.71%
40.9992 4.20 4.74 5.3112 13.2920 1.73E-08 1.22E-06 0.34% 12.10%
51.0009 5.04 5.55 5.3557 13.9120 -2.55E-08 8.05E-07 -0.50% 7.98%
60.9996 5.04 5.28 5.2645 13.8350 6.22E-08 8.58E-07 1.21% 8.50%
70.9999 6.00 6.00 5.2930 14.1770 3.48E-08 6.29E-07 0.68% 6.24%
81.0020 6.00 6.00 5.2997 13.4810 2.83E-08 1.09E-06 0.55%10.82%
91.0018 7.60 6.88 5.3199 13.8660 8.93E-09 8.35E-07 0.17% 8.28%
101.0000 7.60 6.90 5.3030 13.9830 2.52E-08 7.59E-07 0.49% 7.52%
110.9998 9.30 7.10 5.2811 14.2900 4.63E-08 5.54E-07 0.90% 5.49%
120.9993 9.30 7.09 5.3139 14.0260 1.47E-08 7.31E-07 0.29% 7.24%
131.000910.12 7.25 5.3312 14.1540 -1.92E-09 6.44E-07-0.04% 6.38%
141.000610.12 7.26 5.3155 14.3030 1.32E-08 5.45E-07 0.26% 5.40%
00Table A.9 Cu(II), Cr(VI), and As(V) adsorption by IOCS in binary system, initial [Cu(II)] = 0.01 mM, initial [Cr(VI)] = 0.1
mM, initial [As(V)] = 0.1 mM
TubeIOCSml.pH eq. pHeq. As(V) eq. Cr(VI) eq Cu(II)As(V) AdsCr(VI AdsCu(H Ads%As(V)%CrVI)%Cu(H
(g) (mgfL)(mgfL)(mgIL)(mollg-IOCS)(mol/g-IOCS)(mollg-IOCS) Ads Ads Ads
10.99903.083.095.64325.88850.8289 1.25E-06 8.38E-08 1.73E-08 24.99% 1.46% 2.58%
21.00053.083.08 5.6011 5.91910.8008 1.28E-06 5.43E-08 3.93E-08 25.52% 0.95% 5.88%
31.00203.623.73 5.83925.96950.7365 1.12E-06 5.85E-09 8.98E-08 22.32% 0.10% 13.41%
41.00063.623.725.74225.91270.7483 1.19E-06 6.04E-08 8.06E-08 23.64% 1.05% 12.04%
51.00224.004.11 5.88146.02830.6836 1.09E-06-5.06E-08 1.31E-07 21.75% -0.88% 19.61%
60.99904.004.05 5.92145.90550.7004 1.07E-06 6.75E-08 1.18E-07 21.29% 1.17% 17.70%
71.00164.424.495.97965.97080.6102 1.03E-06 4.61E-09 1.89E-07 20.46% 0.08%28.24%
81.00044.424.59 5.98015.92330.5382 1.03E-06 5.03E-08 2.46E-07 20.48% 0.87% 36.73%
91.00125.505.346.26685.87880.2211 8.36E-07 9.30E-08 4.95E-07 16.66% 1.62% 73.92%
100.99965.505.406.15785.89750.2015 9.1OE-07 7.51E-08 5.11E-07 18.13% 1.31%76.35%
111.00006.426.286.46585.84520.0000 7.04E-07 1.25E-07 6.70E-07 14.03% 2.18%100.00%
121.00236.426.336.64355.93190.0000 5.84E-07 4.19E-08 6.68E-07 11.64% 0.73%99.77%
131.00157.807.43 7.07655.95350.0000 2.96E-07 2.12E-08 6.69E-07 5.90% 0.37%99.85%
141.00257.807.426.7260 5.96410.0000 5.29E-07 1.1OE-08 6.68E-07 10.55% 0.19%99.75%
151.001910.049.197.25265.97660.0000 1.79E-07 -9.60E-10 6.68E-07 3.56% -0.02%99.81%
161.000110.049.257.34545.93660.0000 1.17E-07 3.75E-08 6.69E-07 2.34% 0.65%99.99%
00
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Table A. 10 Tracer Transport through 10 cm IOCS column, initial [Br] = 20 mg/L
Tube Time
(hour)
pore
volume
IBr-)1
(mg/L)
C/Co
1 0.53 0.23 0.00 0.00
2 0.93 0.40 0.00 0.00
3 1.26 0.55 0.00 0.00
4 1.60 0.69 0.09 0.00
5 1.93 0.83 1.28 0.06
6 2.26 0.98 6.98 0.35
7 2.60 1.12 13.49 0.67
8 2.93 1.27 16.93 0.85
9 3.26 1.41 18.66 0.93
10 3.76 1.63 19.83 0.99
11 4.26 1.84 20.14 1.01
12 5.26 2.27 19.97 1.00
13 6.26 2.71 19.94 1.00
14 7.26 3.14 20.28 1.01
15 8.26 3.57 20.35 1.02
16 10.26 4.43 19.73 0.99
17 13.26 5.73 20.18 1.01
18 15.96 6.90 20.35 1.02
19 17.71 7.65 19.88 0.99
20 19.68 8.50 20.10 1.01
21 21.60 9.33 20.26 1.01
22 22.68 9.80 20.41 1.02
23 23.01 9.94 17.86 0.89
24 23.35 10.09 10.57 0.53
25 23.68 10.23 5.78 0.29
26 24.01 10.37 2.94 0.15
27 24.35 10.52 1.14 0.06
28 24.68 10.66 0.54 0.03
29 25.18 10.88 0.21 0.01
30 25.68 11.09 0.13 0.01
31 26.13 11.29 0.07 0.00
32 27.68 11.96 0.00 0.00
33 28.68 12.39 0.01 0.00
34 29.71 12.84 0.00 0.00
35 36.18 15.63 0.00 0.00190
Table A 11 Cu(II) transport through 10 cm IOCS colunm, initial [Cu(II)] = 0.01
mM, pH4
Tube Time poreICu(II)I C/Co
(hour)volume(mg/L)
1 4.33 1.98 0.00 0.00
2 6.33 2.89 0.00 0.00
3 8.33 3.80 0.01 0.01
4 10.33 4.72 0.16 0.21
5 12.33 5.63 0.34 0.45
6 14.33 6.54 0.44 0.58
7 16.33 7.46 0.49 0.65
8 18.33 8.37 0.53 0.71
9 20.33 9.28 0.58 0.78
10 22.33 10.20 0.61 0.82
11 24.33 11.11 0.64 0.85
12 26.33 12.02 0.67 0.89
13 28.33 12.93 0.66 0.89
14 30.33 13.85 0.68 0.90
15 33.08 15.10 0.68 0.91
16 35.58 16.24 0.64 0.85
17 37.33 17.04 0.67 0.90
18 39.33 17.96 0.67 0.89
19 41.92 19.14 0.66 0.88
20 44.50 20.32 0.66 0.88
21 46.33 21.15 0.67 0.89
22 48.33 22.07 0.69 0.92
23 50.33 22.98 0.68 0.90
24 54.58 24.92 0.69 0.92
25 63.33 28.91 0.67 0.89
26 71.33 32.57 0.68 0.90
27 79.08 36.10 0.70 0.93
28 85.33 38.96 0.69 0.92
29 88.83 40.55 0.68 0.91
30 93.83 42.84 0.70 0.93
31 102.33 46.72 0.73 0.97
32 109.33 49.91 0.70 0.94
33 113.33 51.74 0.68 0.90
34 118.83 54.25 0.69 0.92
35 127.83 58.36 0.73 0.97
36 135.83 62.01 0.72 0.95
37 142.33 64.98 0.73 0.97
38 151.58 69.20 0.73 0.97
39 159.83 72.97 0.72 0.95191
Table A. 11 (Continued)
40 166.33 75.93 0.74 0.99
41 173.33 79.13 0.72 0.97
42 180.08 82.21 0.71 0.94
43 183.33 83.70 0.69 0.92
44 185.33 84.61 0.73 0.97
45 187.33 85.52 0.67 0.89
46 189.33 86.43 0.52 0.69
47 191.33 87.35 0.40 0.54
48 193.33 88.26 0.33 0.43
49 197.50 90.16 0.27 0.36
50202.00 92.22 0.20 0.27
51 203.33 92.83 0.17 0.22
52205.33 93.74 0.14 0.19
53208.33 95.11 0.12 0.16
54213.17 97.32 0.09 0.13
55221.00 100.89 0.07 0.09
56227.33 103.78 0.05 0.07
57231.33 105.61 0.05 0.06
58237.08 108.23 0.06 0.08
59244.45 111.60 0.05 0.06
60 250.33 114.28 0.04 0.05
61 254.20 116.05 0.03 0.04
62 259.83 118.62 0.02 0.03
63 267.83 122.27 0.03 0.04
64270.58 123.53 0.03 0.03
65281.08 128.32 0.02 0.02
66286.33 130.72 0.02 0.02
67294.08 134.26 0.04 0.05
68 300.33 137.11 0.02 0.02
Table A 12 Cu(II) transport through 10 cm IOCS column, initial [Cu(II)]0.01
mM, pH5
Tube Time poreICu(II)I C/Co
(hour)volume(mg/L)
1 1.33 0.61 0.00 0.00
2 3.33 1.54 0.00 0.00
3 7.33 3.38 0.00 0.00
4 9.33 4.30 0.00 0.00
5 15.33 7.07 0.00 0.00
6 19.33 8.91 0.00 0.00
7 23.33 10.75 0.00 0.00Table A. 12 (Continued)
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
28.95 13.34 0.00 0.00
31.83 14.67 0.00 0.01
33.83 15.59 -0.01 -0.01
35.83 16.51 0.02 0.02
38.83 17.90 0.05 0.06
41.92 19.32 0.10 0.13
43.83 20.20 0.13 0.17
45.83 21.12 0.16 0.21
47.83 22.04 0.19 0.25
49.83 22.97 0.22 0.28
51.83 23.89 0.26 0.33
53.83 24.81 0.27 0.35
55.83 25.73 0.31 0.40
57.83 26.65 0.34 0.44
59.83 27.58 0.37 0.47
63.50 29.27 0.39 0.50
68.50 31.57 0.44 0.57
77.83 35.87 0.48 0.62
81.33 37.48 0.48 0.63
85.33 39.33 0.49 0.63
83.83 38.64 0.51 0.66
89.58 41.29 0.53 0.69
95.58 44.05 0.55 0.71
105.33 48.54 0.58 0.75
112.33 51.77 0.62 0.79
114.50 52.77 0.62 0.80
118.50 54.61 0.63 0.82
129.33 59.61 0.65 0.84
136.58 62.95 0.69 0.89
138.83 63.98 0.74 0.95
142.58 65.71 0.75 0.97
153.33 70.67 0.72 0.92
160.33 73.89 0.74 0.95
162.58 74.93 0.74 0.95
167.08 77.00 0.73 0.94
172.83 79.65 0.76 0.98
181.88 83.82 0.75 0.97
192.83 88.87 0.75 0.96
202.33 93.25 0.78 1.01
211.33 97.40 0.75 0.97
218.50 100.70 0.77 1.00
229.33 105.69 0.75 0.97
241.50 111.30 0.74 0.96
192Table A. 12 (Continued)
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
246.50 113.60 0.77 0.99
250.83 115.60 0.79 1.01
256.13 118.04 0.78 1.01
261.00 120.29 0.78 1.00
264.83 122.05 0.79 1.02
266.83 122.98 0.74 0.96
268.83 123.90 0.75 0.97
270.83 124.82 0.73 0.94
272.83 125.74 0.73 0.94
274.83 126.66 0.74 0.95
276.83 127.58 0.75 0.97
278.83 128.51 0.77 0.99
281.83 129.89 0.74 0.96
284.83 131.27 0.70 0.90
287.83 132.65 0.65 0.85
292.33 134.73 0.59 0.77
296.83 136.80 0.54 0.70
301.33 138.88 0.50 0.64
308.33 142.10 0.41 0.53
314.83 145.10 0.38 0.49
318.83 146.94 0.35 0.45
324.83 149.71 0.31 0.40
332.83 153.39 0.27 0.34
339.12 156.29 0.24 0.30
343.50 158.31 0.22 0.28
350.02 161.31 0.20 0.25
358.58 165.26 0.16 0.21
364.83 168.14 0.16 0.21
373.83 172.29 0.16 0.21
384.50 177.20 0.14 0.18
391.50 180.43 0.12 0.15
401.30 184.95 0.11 0.15
414.08 190.84 0.10 0.13
424.00 195.41 0.10 0.12
428.83 197.64 0.08 0.11
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Table A 13 Cr(VI) transport through 10 cm IOCS column, initial [Cr(VI)]= 0.1
mM, pH5
Tube Time pore[Cr(VI)J C/Co
(hour)volume(mgIL)
1 17.83 7.75 -0.03 0.00
2 19.83 8.62 -0.05 0.00
3 21.83 9.49 -0.03 0.00
4 23.83 10.36 -0.05 0.00
5 25.83 11.23 -0.04 0.00
6 27.83 12.10 -0.04 0.00
7 29.83 12.97 0.03 0.00
8 31.83 13.84 0.08 0.01
9 36.83 16.01 1.04 0.17
10 41.83 18.19 3.26 0.54
11 44.00 19.13 4.83 0.80
12 49.22 21.40 5.52 0.92
13 55.83 24.28 5.34 0.89
14 62.58 27.21 5.67 0.94
15 69.22 30.09 5.97 0.99
16 73.83 32.10 5.94 0.99
17 79.33 34.49 5.64 0.94
18 87.13 37.88 5.91 0.98
19 93.58 40.69 5.81 0.97
20 97.83 42.54 5.78 0.97
21 103.50 45.00 5.49 0.92
22 111.58 48.51 5.70 0.96
23 123.67 53.77 5.79 0.97
24 134.00 58.26 5.66 0.95
25 144.02 62.62 5.99 1.01
26 147.33 64.06 5.89 0.99
27 150.33 65.36 5.76 0.97
28 151.83 66.01 5.58 0.94
29 153.83 66.88 6.42 0.98
30 155.95 67.80 7.86 0.97
31 158.33 68.84 5.47 0.93
32 160.73 69.88 4.18 0.71
33 162.88 70.82 3.42 0.58
34 164.97 71.72 2.91 0.50
35 166.83 72.54 2.60 0.44
36 169.08 73.51 2.31 0.39
37 169.42 73.66 2.06 0.35
38 171.25 74.46 1.86 0.32
39 173.48 75.43 1.67 0.28
40 175.48 76.30 1.52 0.26195
Table A. 13 (Continued)
41 180.07 78.29 1.31 0.22
42 189.42 82.36 1.03 0.18
43 198.08 86.12 0.81 0.14
44205.57 89.38 0.70 0.12
45 211.33 91.88 0.66 0.11
46227.08 98.73 0.61 0.10
47230.10 100.04 0.59 0.10
48231.93 100.84 0.51 0.09
Table A 14 Cr(VI) transport through 10 cm IOCS column, initial [Cr(VI)] = 0.1
mM, pH6
Tube Time pore[Cr(VI)J C/Co
(hour)volume(mg/L)
1 12.33 5.79 -0.04 -0.01
2 14.33 6.73 -0.01 0.00
3 16.33 7.67 -0.01 0.00
4 18.33 8.61 -0.06 -0.01
5 20.33 9.55 -0.04 -0.01
6 22.33 10.49 -0.06 -0.01
7 24.33 11.43 -0.07 -0.01
8 26.33 12.37 0.00 0.00
9 28.33 13.30 -0.05 -0.01
10 30.33 14.24 -0.01 0.00
11 33.08 15.53 -0.01 0.00
12 35.58 16.71 0.06 0.01
13 37.33 17.53 0.41 0.07
14 39.33 18.47 1.07 0.18
15 41.92 19.68 3.09 0.51
16 44.50 20.90 4.61 0.77
17 46.33 21.76 4.91 0.81
18 48.33 22.70 4.99 0.83
19 50.33 23.63 5.08 0.84
20 54.58 25.63 5.25 0.87
21 63.33 29.74 5.65 0.94
22 71.33 33.50 5.31 0.88
23 79.08 37.13 4.90 0.81
24 85.33 40.07 5.74 0.95
25 88.83 41.71 5.78 0.96
26 93.83 44.06 5.51 0.92
27 102.33 48.05 5.58 0.93
28 109.33 51.34 6.05 1.00
29 113.33 53.22 6.01 1.00Table A. 14 (Continued)
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
118.83 55.80 5.82 0.97
127.83 60.03 5.79 0.96
135.83 63.78 5.83 0.97
142.33 66.83 5.66 0.94
151.58 71.18 5.84 0.97
159.83 75.05 5.91 0.98
166.33 78.10 5.68 0.94
173.33 81.39 5.88 0.98
180.08 84.56 6.21 1.03
183.33 86.09 6.24 1.04
185.33 87.03 5.99 0.99
187.33 87.97 5.24 0.87
189.33 88.90 3.90 0.65
191.33 89.84 2.95 0.49
193.33 90.78 2.47 0.41
197.50 92.74 1.82 0.30
202.00 94.85 1.48 0.25
203.33 95.48 1.38 0.23
205.33 96.42 1.30 0.22
208.33 97.83 1.21 0.20
213.17 100.10 0.95 0.16
221.00 103.77 0.82 0.14
227.33 106.75 0.75 0.13
231.33 108.63 0.70 0.12
237.08 111.33 0.61 0.10
244.45 114.79 0.62 0.10
250.33 117.55 0.56 0.09
254.20 119.36 0.46 0.08
259.83 122.01 0.42 0.07
267.83 125.77 0.39 0.06
270.58 127.06 0.38 0.06
281.08 131.99 0.35 0.06
286.33 134.45 0.31 0.05
294.08 138.09 0.28 0.05
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Table A 15 As(V) transport through 10 cm IOCS column, initial [As(VI)] = 0.1
mM, pH5
Tube Time
(hour)
pore
volume
[As(V)1
(mg/L)
C/Co
1 3.33 1.54 0.00 0.00
2 7.33 3.38 0.00 0.00
3 11.33 5.22 0.00 0.00
4 15.33 7.07 0.00 0.00
5 19.33 8.91 0.00 0.00
6 23.33 10.75 0.00 0.00
7 25.33 11.68 0.00 0.00
8 27.33 12.60 0.00 0.00
9 29.33 13.52 0.00 0.00
10 31.33 14.44 0.00 0.00
11 35.33 16.28 0.00 0.00
12 39.33 18.13 0.01 0.00
13 47.33 21.81 0.00 0.00
14 51.83 23.89 0.00 0.00
15 59.83 27.58 0.27 0.04
16 63.50 29.27 1.02 0.14
17 68.50 31.57 4.20 0.58
18 71.83 33.11 5.60 0.77
19 75.33 34.72 5.85 0.80
20 79.33 36.56 6.05 0.83
21 83.83 38.64 6.21 0.85
22 89.58 41.29 6.50 0.89
23 95.58 44.05 6.44 0.88
24 99.33 45.78 6.34 0.87
25 106.33 49.01 6.70 0.92
26 114.50 52.77 6.53 0.90
27 118.50 54.61 6.91 0.95
28 123.33 56.84 6.93 0.95
29 130.58 60.18 6.98 0.96
30 138.83 63.98 7.00 0.96
31 142.58 65.71 6.90 0.95
32 147.33 67.90 7.20 0.99
33 154.33 71.13 6.96 0.95
34 162.58 74.93 7.10 0.97
35 164.85 75.97 7.22 0.99
36 166.83 76.89 7.11 0.97
37 168.83 77.81 7.02 0.96
38 171.00 78.81 7.21 0.99
39 172.83 79.65 5.49 0.75
40 174.83 80.58 4.09 0.56198
Table A. 15 (Continued)
41 176.83 81.50 3.41 0.47
42 178.83 82.42 2.81 0.38
43 181.67 83.72 2.28 0.31
44 184.67 85.11 1.92 0.26
45 186.83 86.11 1.82 0.25
46 188.83 87.03 1.72 0.24
47 191.33 88.18 1.41 0.19
48 195.33 90.02 1.39 0.19
49202.33 93.25 1.08 0.15
50208.83 96.24 0.91 0.13
51 213.33 98.32 0.85 0.12
52218.50 100.70 0.81 0.11
53229.33 105.69 0.74 0.10
54241.50 111.30 0.60 0.08
55 246.50 113.60 0.57 0.08
56 250.83 115.60 0.43 0.06
Table A 16 As(V) transport through 10 cm IOCS column, initial [As(VI)J = 0.1
mM, pH6
Tube Time pore IAs(V)I C/Co
(hour)volume(mg/L)
1 12.33 5.63 0.02 0.00
2 14.33 6.54 -0.06 -0.01
3 16.33 7.46 -0.08 -0.01
4 18.33 8.37 -0.08 -0.01
5 20.33 9.28 -0.07 -0.01
6 22.33 10.20 -0.05 -0.01
7 24.33 11.11 -0.07 -0.01
8 26.33 12.02 0.05 0.01
9 28.33 12.93 0.00 0.00
10 30.33 13.85 -0.03 0.00
11 33.08 15.10 -0.04 -0.01
12 35.58 16.24 -0.05 -0.01
13 37.33 17.04 -0.05 -0.01
14 39.33 17.96 -0.06 -0.01
15 41.92 19.14 0.01 0.00
16 44.50 20.32 0.02 0.00
17 46.33 21.15 0.12 0.02
18 48.33 22.07 0.35 0.05
19 50.33 22.98 0.42 0.06
20 54.58 24.92 1.25 0.17Table A. 16 (Continued)
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
63.33 28.91 3.75 0.51
71.33 32.57 5.55 0.76
79.08 36.10 5.75 0.79
85.33 38.96 5.89 0.81
88.83 40.55 6.09 0.83
93.83 42.84 6.29 0.86
102.33 46.72 6.55 0.90
109.33 49.91 6.58 0.90
113.33 51.74 6.65 0.91
118.83 54.25 6.49 0.89
127.83 58.36 6.55 0.90
135.83 62.01 6.75 0.92
142.33 64.98 6.55 0.90
151.58 69.20 6.80 0.93
159.83 72.97 6.76 0.93
166.33 75.93 6.60 0.90
173.33 79.13 6.74 0.92
180.08 82.21 6.95 0.95
183.33 83.70 7.06 0.97
185.33 84.61 7.01 0.96
187.33 85.52 5.75 0.79
189.33 86.43 4.11 0.56
191.33 87.35 3.16 0.43
193.33 88.26 2.60 0.36
197.50 90.16 1.94 0.27
202.00 92.22 1.54 0.21
203.33 92.83 1.45 0.20
205.33 93.74 1.35 0.18
208.33 95.11 1.28 0.17
213.17 97.32 1.07 0.15
221.00 100.89 0.94 0.13
227.33 103.78 0.77 0.11
231.33 105.61 0.79 0.11
237.08 108.23 0.68 0.09
244.45 111.60 0.50 0.07
250.33 114.28 0.47 0.06
254.20 116.05 0.45 0.06
259.83 118.62 0.44 0.06
267.83 122.27 0.38 0.05
270.58 123.53 0.39 0.05
281.08 128.32 0.35 0.05
286.33 130.72 0.37 0.05
294.08 134.26 0.31 0.04
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Table A 17 Cu(II) and Cr(VI) transport through 10 cm IOCS column, initial
[Cu(II)] = 0.01 mM, initial Cr(VI) = 0.1 mM, pH 5
Tube Time porelCr(VI)](Cu(II)j C/Co C/Co
(hour)volume(mgIL)(mgIL)(Cr(VI))(Cu(II))
1 22.25 10.45 -0.02 0.00 0.00 0.00
2 23.63 11.10 -0.02 -0.01 0.00 -0.02
3 24.50 11.50 -0.02 0.00 0.00 0.00
4 25.50 11.97 0.00 0.00 0.00 0.00
5 26.50 12.44 -0.03 0.00 0.00 0.00
6 27.50 12.91 -0.03 0.00 0.00 0.00
7 28.50 13.38 -0.06 -0.01 -0.01 -0.01
8 30.00 14.09 -0.04 -0.06 -0.01 -0.07
9 32.00 15.03 0.00 0.00 0.00 0.00
10 34.00 15.97 0.11 0.00 0.02 0.00
11 36.00 16.90 0.50 -0.01 0.08 -0.02
12 38.00 17.84 0.65 -0.02 0.11 -0.02
13 40.00 18.78 0.90 -0.02 0.15 -0.03
14 42.00 19.72 1.35 -0.02 0.22 -0.03
15 44.00 20.66 1.45 -0.01 0.24 -0.02
16 46.00 21.60 1.99 0.00 0.33 0.00
17 48.00 22.54 2.55 0.02 0.42 0.03
18 50.12 23.53 3.65 0.06 0.60 0.08
19 52.00 24.42 4.55 0.11 0.75 0.15
20 54.00 25.36 5.35 0.14 0.88 0.18
21 56.00 26.30 5.59 0.17 0.92 0.22
22 58.00 27.23 5.87 0.18 0.97 0.23
23 60.00 28.17 5.74 0.21 0.95 0.27
24 62.00 29.11 5.83 0.20 0.96 0.26
25 64.00 30.05 5.95 0.22 0.98 0.28
26 68.22 32.03 5.81 0.27 0.96 0.35
27 72.17 33.89 5.78 0.29 0.95 0.37
28 77.00 36.16 5.98 0.33 0.99 0.42
29 82.28 38.64 5.94 0.40 0.98 0.51
30 91.67 43.04 5.70 0.43 0.94 0.55
31 98.17 46.10 5.93 0.46 0.98 0.58
32 102.00 47.90 5.83 0.48 0.96 0.63
33 106.83 50.17 5.75 0.50 0.95 0.65
34 111.25 52.24 5.98 0.52 0.99 0.68
35 119.25 56.00 5.73 0.57 0.95 0.75
36 128.50 60.34 5.95 0.59 0.98 0.76
37 133.33 62.61 5.74 0.60 0.95 0.78
38 141.58 66.48 5.77 0.63 0.95 0.82
39 150.25 70.55 6.06 0.65 1.00 0.84
40 155.83 73.17 6.06 0.67 1.00 0.87Table A. 17 (Continued)
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
163.00 76.54 5.76 0.70 0.95 0.91
167.10 78.46 5.86 0.65 0.97 0.86
173.00 81.23 5.99 0.69 0.99 0.92
183.50 86.17 6.13 0.66 1.02 0.89
187.00 87.81 5.89 0.69 0.98 0.92
191.25 89.80 5.94 0.68 0.98 0.91
201.00 94.38 5.82 0.70 0.96 0.93
209.00 98.14 6.11 0.69 1.01 0.93
213.00 100.02 5.71 0.71 0.95 0.94
223.00 104.71 5.96 0.71 0.99 0.95
233.00 109.41 5.94 0.73 0.98 0.97
237.13 111.35 5.75 0.71 0.97 0.93
245.00 115.04 5.90 0.73 1.00 0.97
255.00 119.74 5.91 0.70 1.00 0.92
262.92 123.46 5.69 0.72 0.96 0.95
270.00 126.78 5.63 0.72 0.95 0.95
272.00 127.72 5.86 0.73 0.99 0.96
274.12 128.72 6.00 0.72 1.02 0.95
276.12 129.65 5.80 0.72 0.98 0.96
278.00 130.54 5.43 0.72 0.92 0.95
280.00 131.48 4.84 0.76 0.81 1.01
282.00 132.42 4.08 0.75 0.69 1.00
284.00 133.36 3.65 0.75 0.61 1.00
287.00 134.77 2.95 0.73 0.50 0.96
290.25 136.29 2.46 0.69 0.41 0.91
292.25 137.23 2.39 0.62 0.40 0.82
294.12 138.11 2.30 0.58 0.39 0.77
296.37 139.16 2.10 0.51 0.35 0.68
298.00 139.93 1.90 0.48 0.32 0.64
301.00 141.34 1.76 0.44 0.30 0.59
305.00 143.22 1.57 0.38 0.26 0.51
311.12 146.09 1.33 0.32 0.22 0.43
316.50 148.62 1.14 0.26 0.19 0.35
318.63 149.62 1.07 0.25 0.18 0.34
323.13 151.73 1.03 0.23 0.17 0.30
327.92 153.98 0.95 0.21 0.16 0.28
330.00 154.96 0.90 0.19 0.15 0.25
336.50 158.01 0.76 0.18 0.12 0.24
344.67 161.84 0.70 0.15 0.12 0.20
349.62 164.17 0.64 0.14 0.11 0.18
354.25 166.34 0.56 0.13 0.09 0.17
361.75 169.87 0.51 0.11 0.08 0.14
369.00 173.27 0.48 0.09 0.08 0.12
201202
Table A. 17 (Continued)
84 374.75 175.97 0.44 0.08 0.07 0.11
85 383.50 180.08 0.39 0.07 0.07 0.09
86 395.75 185.83 0.36 0.06 0.06 0.08
87 409.25 192.17 0.31 0.05 0.05 0.06
88 423.00 198.63 0.31 0.06 0.05 0.08
89 431.25202.50 0.30 0.06 0.05 0.08
90438.50205.90 0.27 0.05 0.05 0.07
91 443.67208.33 0.26 0.04 0.04 0.05
Table A 18 Cu(II) and As(V) transport through 10 cm IOCS column, initial
[Cu(II)] = 0.01 mM, initial As(V) = 0.1 mM, pH 5
Tube Time poreIAs(V)IICu(II)1 C/Co C/Co
(hour)volume(mg/L)(mg/L)(As(V))(Cu(II))
1 19.58 8.94 0.10 0.02 0.01 0.02
2 21.58 9.85 0.02 0.01 0.00 0.01
3 23.58 10.77 0.01 -0.01 0.00 -0.01
4 25.58 11.68 -0.10 -0.01 -0.01 -0.01
5 27.72 12.65 0.08 -0.01 0.01 -0.01
6 29.95 13.67 -0.08 -0.01 -0.01 -0.01
7 31.58 14.42 0.01 -0.01 0.00 -0.01
8 33.58 15.33 0.06 -0.01 0.01 -0.01
9 35.58 16.24 -0.02 -0.01 0.00 -0.01
10 37.58 17.16 -0.07 0.01 -0.01 0.01
11 39.58 18.07 -0.08 0.00 -0.01 -0.01
12 41.58 18.98 -0.01 -0.01 0.00 -0.01
13 45.83 20.92 -0.01 -0.01 0.00 -0.01
14 49.58 22.64 -0.03 -0.01 0.00 -0.01
15 51.83 23.66 -0.03 -0.01 0.00 -0.01
16 53.58 24.46 -0.05 -0.01 -0.01 -0.01
17 55.58 25.38 -0.05 0.00 -0.01 0.00
18 59.87 27.33 0.14 0.00 0.02 0.00
19 66.58 30.40 0.88 0.00 0.12 0.00
20 72.33 33.02 1.84 0.02 0.24 0.02
21 75.75 34.58 2.62 0.05 0.34 0.06
22 79.58 36.33 3.37 0.05 0.44 0.07
23 84.42 38.54 4.37 0.07 0.57 0.09
24 88.83 40.55 4.99 0.10 0.65 0.12
25 96.83 44.21 5.65 0.13 0.74 0.17
26 106.08 48.43 5.98 0.20 0.79 0.26
27 110.92 50.64 6.18 0.27 0.81 0.35
28 119.17 54.40 6.16 0.33 0.81 0.43Table A. 18 (Continued)
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
127.83 58.36 6.47 0.42 0.85 0.54
133.42 60.91 6.58 0.46 0.86 0.60
140.58 64.18 6.52 0.48 0.91 0.62
147.58 67.38 6.80 0.54 0.95 0.69
152.58 69.66 6.94 0.57 0.97 0.73
160.58 73.31 6.87 0.58 0.96 0.75
164.58 75.14 6.93 0.64 0.97 0.82
175.58 80.16 6.98 0.66 0.98 0.85
179.58 81.98 6.86 0.69 0.96 0.89
191.58 87.46 6.92 0.70 0.97 0.91
195.58 89.29 6.97 0.71 0.98 0.92
205.58 93.85 7.06 0.74 0.99 0.95
209.58 95.68 7.00 0.72 0.96 0.93
221.58 101.16 6.88 0.73 0.95 0.94
231.58 105.72 6.95 0.74 0.96 0.96
235.58 107.55 6.98 0.76 0.96 0.98
245.58 112.11 7.01 0.77 0.97 1.00
249.58 113.94 7.00 0.75 0.96 0.98
253.58 115.77 7.02 0.79 0.97 1.02
257.58 117.59 6.97 0.77 0.96 0.99
260.83 119.08 6.89 0.77 0.95 1.00
262.83 119.99 6.71 0.79 0.92 1.02
264.70 120.84 5.71 0.76 0.77 0.98
266.95 121.87 4.40 0.75 0.59 0.95
268.58 122.61 3.53 0.75 0.47 0.95
270.67 123.57 2.94 0.76 0.40 0.97
272.58 124.44 2.47 0.75 0.33 0.95
274.58 125.35 2.38 0.77 0.32 0.98
276.58 126.27 2.19 0.74 0.29 0.95
281.70 128.60 1.58 0.77 0.21 0.98
287.08 131.06 0.80 0.79 0.11 1.01
289.22 132.03 1.37 0.76 0.18 0.98
292.72 133.63 0.85 0.75 0.12 0.96
297.50 135.82 1.01 0.79 0.14 1.01
300.58 137.22 1.00 0.75 0.14 0.96
307.08 140.19 0.74 0.71 0.10 0.91
315.25 143.92 0.60 0.73 0.08 0.93
320.20 146.18 0.34 0.69 0.05 0.88
325.33 148.52 0.45 0.64 0.06 0.81
332.33 151.72 0.51 0.58 0.07 0.74
339.58 155.03 0.56 0.48 0.08 0.61
345.33 157.65 0.39 0.45 0.05 0.57
354.08 161.65 0.40 0.43 0.06 0.57
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Table A. 18 (Continued)
72 366.33 167.24 0.23 0.37 0.03 0.48
73 379.83 173.40 0.41 0.31 0.06 0.40
74395.58 180.59 0.37 0.29 0.05 0.37
75 403.83 184.36 0.34 0.25 0.05 0.33
76411.08 187.67 0.38 0.21 0.05 0.27
77 416.25 190.03 0.41 0.23 0.06 0.30
78 419.92 191.70 0.40 0.14 0.06 0.19
79426.42 194.67 0.14 0.14 0.02 0.18
Table A 19 Cu(II) and As(V) transport through 5 cm IOCS column, initial [Cu(II)]
= 0.01 mM, initial As(V)0.1 mM, pH 5
Tube Time
(hour)
pore
volume
IAs(V)1ICu(II)1
(mg/L)(mg/L)
C/Co C/Co
(As(V))(Cu(II))
1 0.90 0.75 0.03 0.00
2 2.90 2.42 0.02 0.00
3 4.90 4.08 -0.01 0.00
4 6.90 5.75 -0.02 0.00
5 8.90 7.42 0.04 0.00
6 10.90 9.08 -0.01 0.00
7 12.90 10.75 0.01 0.00
8 14.90 12.42 0.01 0.00
9 16.90 14.08 0.03 0.00
10 21.90 18.25 0.45 0.06
11 26.65 22.21 2.42 0.32
12 28.40 23.67 3.36 0.44
13 30.40 25.33 4.51 0.59
14 32.40 27.00 5.46 0.71
15 34.15 28.46 5.89 0.77
16 36.90 30.75 6.25 0.81
17 39.90 33.25 6.29 0.82
18 41.90 34.92 6.46 0.84
19 43.90 36.58 6.52 0.85
20 49.40 41.17 6.94 0.90
21 54.90 45.75 6.91 0.90
22 56.90 47.42 6.93 0.90
23 58.90 49.08 6.85 0.89
24 60.90 50.75 6.83 0.89
25 62.90 52.42 6.95 0.90
26 64.90 54.08 6.99 0.91
27 70.40 58.67 7.10 0.92
28 75.90 63.25 7.44 0.97205
Table A. 19 (Continued)
29 77.90 64.92 7.35 0.96
30 79.90 66.58 7.32 0.95
31 84.40 70.33 7.27 0.95
32 88.90 74.08 7.25 0.94
33 94.90 79.08 7.34 0.95
34 100.90 84.08 7.39 0.96
35 102.90 85.75 7.53 0.98
36 105.15 87.63 7.49 0.97
37 107.15 89.29 7.31 0.95
38 108.90 90.75 7.41 0.96
39 110.40 92.00 7.49 0.00 0.97 0.00
40 111.40 92.83 7.48 0.00 1.01 0.00
41 112.40 93.67 7.14 0.00 0.96 0.00
42 113.40 94.50 6.82 0.00 0.92 0.00
43 114.40 95.33 6.84 0.00 0.92 0.00
44 115.40 96.17 6.90 0.00 0.93 0.00
45 116.40 97.00 6.81 0.00 0.92 0.00
46 117.40 97.83 6.47 0.00 0.87 0.00
47 118.90 99.08 6.27 0.00 0.85 0.00
48 120.65 100.54 6.23 0.00 0.84 0.00
49 122.15 101.79 6.34 0.00 0.85 0.00
50 123.65 103.04 6.28 0.00 0.85 0.00
51 125.15 104.29 5.60 0.00 0.75 0.00
52 126.40 105.33 5.88 0.14 0.79 0.03
53 127.40 106.17 6.38 0.59 0.86 0.14
54 128.90 107.42 6.51 0.97 0.88 0.23
55 130.90 109.08 6.69 1.32 0.90 0.32
56 132.90 110.75 6.68 1.61 0.90 0.39
57 134.40 112.00 6.87 1.77 0.92 0.43
58 135.40 112.83 6.93 1.90 0.93 0.46
59 136.40 113.67 6.65 2.11 0.90 0.47
60 137.40 114.50 6.74 2.27 0.91 0.50
61 138.90 115.75 7.30 2.85 0.99 0.63
62 142.90 119.08 7.23 3.13 0.98 0.69
63 146.50 122.08 7.56 3.32 0.94 0.74
64 148.00 123.33 7.75 3.44 0.96 0.76
65 149.40 124.50 7.76 3.44 0.96 0.76
66 150.90 125.75 7.70 3.42 0.96 0.76
67 155.40 129.50 7.46 3.61 0.93 0.80
68 159.90 133.25 8.09 4.01 1.01 0.89
69 161.90 134.92 7.99 3.81 0.99 0.84
70 168.40 140.33 8.01 4.02 1.00 0.89
71 174.90 145.75 7.74 3.89 0.96 0.86206
Table A. 19 (Continued)
72 176.90 147.42 7.97 3.99 0.99 0.88
73 178.90 149.08 7.71 3.85 0.96 0.85
74 180.90 150.75 8.05 3.93 1.00 0.87
75 182.90 152.42 7.96 3.90 0.99 0.86
76 184.90 154.08 8.02 4.04 1.00 0.89
77 190.40 158.67 8.05 4.27 1.00 0.95
78 195.90 163.25 8.12 4.08 1.01 0.90
79 197.90 164.92 7.92 4.03 0.99 0.89
80 199.90 166.58 8.05 3.94 1.00 0.87
81 201.90 168.25 8.06 3.97 1.00 0.88
82 203.90 169.92 7.82 3.79 0.97 0.84
83 205.90 171.58 7.80 3.85 0.97 0.85
84 207.90 173.25 7.81 3.85 0.97 0.85
85 209.90 174.92 7.76 4.05 0.97 0.90
86 217.40 181.17 8.12 4.23 1.01 0.94
87 224.90 187.42 7.99 3.91 0.99 0.87
88 226.40 188.67 8.06 3.64 1.00 0.81
89 227.40 189.50 7.42 2.71 0.92 0.60
90 228.40 190.33 5.50 1.47 0.68 0.33
91 229.40 191.17 3.71 1.50 0.46 0.33
92 230.40 192.00 3.40 1.54 0.42 0.34
93 231.40 192.83 2.79 1.32 0.35 0.29
94 232.40 193.67 2.30 1.13 0.29 0.25
95 233.40 194.50 2.13 0.95 0.26 0.21
96 234.40 195.33 1.77 0.93 0.22 0.21
97 235.65 196.38 1.68 0.84 0.21 0.19
98 240.40 200.33 1.22 0.63 0.15 0.14
99 247.90 206.58 1.02 0.47 0.13 0.10
100 252.40 210.33 0.97 0.38 0.12 0.08
101 255.15 212.63 0.83 0.36 0.10 0.08
102 261.40 217.83 0.63 0.29 0.08 0.07
103 266.90 222.42 0.62 0.33 0.08 0.07
104 271.40 226.17 0.60 0.25 0.07 0.06
105 277.90 231.58 0.59 0.24 0.07 0.05
106 285.02 237.51 0.36 0.20 0.05 0.04
107 293.35 244.46 0.33 0.18 0.04 0.04
108 297.02 247.51 0.27 0.21 0.03 0.05207
Table A 20 Cr(VI) and As(V) transport through 10 cm IOCS column, initial
[Cr(VI)] = 0.1 mM, initial As(V) = 0.1 mM, pH 5
Tube Time poretAs(V)IICr(VI)I C/Co C/Co
(hour)volume(mg/L)(mgIL)(As(V))(Cr(VI))
1 4.33 2.07 0.00 0.00 0.00 0.00
2 7.33 3.51 0.00 0.00 0.00 0.00
3 9.33 4.46 0.00 0.00 0.00 0.00
4 11.33 5.42 0.00 0.00 0.00 0.00
5 13.33 6.38 0.00 0.00 0.00 0.00
6 15.33 7.33 0.00 0.00 0.00 0.00
7 17.33 8.29 0.00 0.00 0.00 0.00
8 19.33 9.25 0.00 0.00 0.00 0.00
9 21.33 10.20 0.00 0.00 0.00 0.00
10 23.33 11.16 -0.29 0.00 0.00 0.00
11 25.33 12.12 -0.29 0.56 0.00 0.10
12 27.33 13.07 -0.23 2.57 0.00 0.45
13 29.33 14.03 -0.16 4.81 0.00 0.85
14 31.33 14.99 -0.32 6.33 0.00 1.11
15 33.33 15.94 -0.25 7.64 0.00 1.37
16 35.58 17.02 -0.39 8.68 0.00 1.55
17 38.08 18.21 -0.26 8.97 0.00 1.61
18 40.33 19.29 -0.03 8.94 0.00 1.60
19 42.33 20.25 -0.14 8.95 0.00 1.60
20 44.33 21.20 -0.03 8.98 0.00 1.61
21 46.33 22.16 -0.05 9.01 0.00 1.61
22 48.33 23.12 -0.01 9.13 0.00 1.63
23 50.33 24.07 0.07 9.08 0.01 1.63
24 52.33 25.03 0.16 8.83 0.02 1.58
25 54.33 25.99 0.67 8.49 0.09 1.49
26 56.33 26.94 0.94 8.28 0.13 1.45
27 58.33 27.90 1.74 8.06 0.23 1.41
28 62.33 29.81 3.21 7.19 0.43 1.26
29 67.71 32.38 4.59 6.56 0.61 1.15
30 71.37 34.14 5.34 6.25 0.71 1.09
31 73.33 35.07 5.47 6.11 0.73 1.07
32 76.33 36.51 5.75 5.78 0.76 1.01
33 79.33 37.94 5.97 5.75 0.79 1.01
34 82.33 39.38 6.42 5.74 0.85 1.00
35 88.33 42.25 6.44 5.73 0.85 1.03
36 93.33 44.64 6.42 5.68 0.84 1.02
37 98.33 47.03 6.73 5.68 0.89 1.02
38 102.33 48.94 6.67 5.67 0.88 1.02
39 106.33 50.86 6.89 5.68 0.91 1.02
40 113.33 54.20 6.94 5.64 0.91 1.01208
Table A.20 (Continued)
41 120.33 57.55 7.15 5.66 0.94 1.02
42 124.33 59.46 7.24 5.65 0.95 1.01
43 128.33 61.38 6.82 5.61 0.90 1.01
44 135.08 64.61 7.04 5.60 0.93 1.00
45 141.58 67.71 7.09 5.61 0.99 0.99
46 145.33 69.51 7.08 5.68 0.99 1.00
47 149.83 71.66 7.31 5.60 1.02 0.99
48 157.83 75.49 7.08 5.55 0.99 0.98
49 165.58 79.19 7.16 5.62 1.00 0.99
50 168.58 80.63 7.36 5.69 1.03 1.00
51 170.33 81.46 7.31 4.52 1.02 0.80
52 172.33 82.42 5.67 0.85 0.79 0.15
53 174.33 83.38 3.86 0.33 0.54 0.06
54 176.33 84.33 3.04 0.22 0.42 0.04
55 178.33 85.29 2.53 0.19 0.35 0.03
56 180.33 86.25 2.41 0.13 0.33 0.02
57 182.33 87.20 1.90 0.10 0.26 0.02
58 184.33 88.16 1.77 0.09 0.24 0.02
59 186.33 89.12 1.79 0.08 0.25 0.01
60 189.33 90.55 1.52 0.09 0.21 0.02
61 192.33 91.99 1.41 0.08 0.19 0.01
62 194.33 92.94 0.91 0.10 0.13 0.02
63 197.33 94.38 1.08 0.07 0.15 0.01
64 201.33 96.29 1.07 0.06 0.15 0.01
65 205.33 98.20 0.86 0.04 0.11 0.01
66 209.83 100.36 1.04 0.02 0.14 0.00
67 214.83 102.75 0.80 0.08 0.11 0.01
68 219.83 105.14 0.60 0.07 0.08 0.01
69 224.83 107.53 0.58 0.06 0.08 0.01
70 232.33 111.12 0.86 0.05 0.11 0.01
71 239.83 114.70 0.56 0.04 0.07 0.01
72 248.33 118.77 0.61 0.02 0.08 0.00
Table A 21 Cr(VI) and As(V) transport through 10cm IOCS column, initial
[Cr(VI)] = 0.1 mM, initial As(V) = 0.1 mM, p1-I 5
Tube Time pore[As(V)I[Cr(VI)J C/Co C/Co
(hour)volume(mg/L)(mg/L)(As(V))(Cr(VI))
1 1.03 0.43 0.00 0.00
2 2.53 1.06 0.00 0.00Table A.2 1 (Continued)
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
4.53 1.89
6.53 2.72
8.53 3.56
10.53 4.39
12.03 5.01
13.53 5.64
15.03 6.26
17.53 7.31
20.78 8.66
23.28 9.70
24.67 10.28
26.67 11.11
28.55 11.90
30.55 12.73
34.55 14.40
38.55 16.06
42.05 17.52
47.05 19.60
51.55 21.48
55.55 23.15
58.55 24.40
60.55 25.23
62.30 25.96
68.30 28.46
75.30 31.38
80.30 33.46
83.05 34.60
90.55 37.73
98.55 41.06
102.55 42.73
109.05 45.44
119.55 49.81
127.30 53.04
131.30 54.71
139.55 58.15
147.75 61.56
150.75 62.81
152.55 63.56
154.55 64.40
156.55 65.23
158.55 66.06
160.30 66.79
166.05 69.19
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.67
2.53
3.81
4.11
4.30
4.61
4.64
4.67
4.57
5.09
4.69
4.64
4.67
4.75
4.77
4.52
4.80
4.58
4.64
4.76
4.73
5.18
6.74
7.26
7.86
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.14
0.52
0.78
0.84
0.88
0.95
0.96
0.96
0.94
1.05
0.96
0.96
0.96
0.98
0.98
0.93
0,99
0.94
0.95
0.98
0.97
1.07
1.39
1.49
1.62
209210
Table A.2 I (Continued)
46 172.30 71.79 0.00 7.75 0.00 1.59
47 176.55 73.56 0.00 7.83 0.00 1.61
48 182.30 75.96 0.00 7.86 0.00 1.62
49 187.05 77.94 0.00 7.97 0.00 1.64
50 189.55 78.98 0.00 8.00 0.00 1.65
51 192.05 80.02 0.00 7.97 0.00 1.64
52 195.30 81.38 0.00 7.90 0.00 1.62
53 201.05 83.77 0.00 7.73 0.00 1.59
54 206.55 86.06 0.00 7.94 0.00 1.63
55 215.05 89.60 0.00 7.86 0.00 1.62
56 223.05 92.94 0.35 7.33 0.05 1.51
57 231.22 96.34 2.76 6.63 0.37 1.36
58 243.22 101.34 5.54 5.10 0.74 1.05
59 253.80 105.75 6.24 4.97 0.84 1.02
60 265.05 110.44 6.43 4.95 0.86 1.02
61 273.30 113.88 6.65 4.97 0.89 1.02
62 277.55 115.65 6.75 4.99 0.90 1.03
63 284.17 118.40 6.62 4.88 0.89 1.00
64 292.05 121.69 6.79 4.89 0.91 1.01
65 299.55 124.81 6.69 4.80 0.90 0.99
66 307.75 128.23 6.98 4.83 0.94 0.99
67 316.17 131.74 6.82 4.80 0.91 0.99
68 326.05 135.85 6.82 4.81 0.91 0.99
69 333.55 138.98 6.90 4.79 0.92 0.99
70 339.55 141.48 7.05 4.87 0.95 1.00
71 349.05 145.44 6.99 4.80 0.94 0.99
72 355.55 148.15 7.01 4.79 0.94 0.98
73 357.55 148.98 6.97 2.95 0.93 0.61
74 359.55 149.81 5.47 0.55 0.73 0.11
75 361.55 150.65 4.14 0.26 0.55 0.05
76 365.05 152.10 2.82 0.14 0.38 0.03
77 371.55 154.81 1.51 0.07 0.20 0.01
78 377.55 157.31 1.56 0.06 0.21 0.01
79 381.55 158.98 1.35 0.04 0.18 0.01
80 385.55 160.65 1.21 0.09 0.16 0.02
81 390.05 162.52 1.09 0.06 0.15 0.01
82 394.05 164.19 0.91 0.04 0.12 0.01
83 407.80 169.92 0.78 0.03 0.11 0.01
84 420.80 175.33 0.55 0.01 0.07 0.00
85 437.55 182.31 0.42 0.00 0.06 0.00
86 445.55 185.65 0.30 -0.01 0.04 0.00211
Table A 22 Cu(II), Cr(VI), and As(V) transport through 10 cm IOCS column,
initial [Cu(1I)1 = 0.01 mM initial [Cr(VI)] = 0.1 mM, initial As(V)0.1 mM, pH5
Tube Time poreIAs(V)1ICr(VI)JICu(II)I C/Co C/Co C/Co
(hour)volume(mg/L)(mgIL)(mg/L)(As(V))(Cr(VI))(Cu(II))
1 22.25 10.16 -0.05 -0.02 -0.02 -0.01 0.00 -0.03
2 23.63 10.79 -0.10 -0.04 -0.04 -0.01 -0.01 -0.05
3 24.50 11.18 0.06 -0.05 -0.05 0.01 -0.01 -0.07
4 25.50 11.64 -0.04 -0.06 -0.04 0.00 -0.01 -0.05
5 26.50 12.10 0.01 -0.06 -0.04 0.00 -0.01 -0.05
6 27.50 12.55 0.07 -0.06 -0.05 0.01 -0.01 -0.06
7 28.50 13.01 -0.18 0.03 -0.04 -0.02 0.01 -0.05
8 30.00 13.70 -0.20 0.40 -0.06 -0.03 0.06 -0.07
9 32.00 14.61 0.08 1.80 0.01 0.01 0.29 0.01
10 34.00 15.52 0.24 5.03 0.00 0.03 0.81 -0.01
11 36.00 16.43 0.08 7.27 -0.01 0.01 1.17 -0.01
12 38.00 17.35 0.02 8.39 -0.01 0.00 1.35 -0.02
13 40.00 18.26 -0.06 8.99 -0.02 -0.01 1.45 -0.02
14 42.00 19.17 0.03 9.07 -0.02 0.00 1.46 -0.02
15 44.00 20.09 0.10 9.17 -0.02 0.01 1.48 -0.02
16 46.00 21.00 -0.06 9.16 -0.02 -0.01 1.47 -0.02
17 48.00 21.91 0.05 9.50 -0.01 0.01 1.53 -0.02
18 50.12 22.88 0.03 9.69 0.00 0.00 1.56 0.00
19 52.00 23.74 0.02 9.66 0.00 0.00 1.55 0.00
20 54.00 24.65 0.07 9.74 -0.01 0.01 1.57 -0.01
21 56.00 25.57 0.03 9.67 -0.01 0.00 1.55 -0.01
22 58.00 26.48 -0.01 9.42 -0.01 0.00 1.51 -0.01
23 60.00 27.39 0.02 9.34 -0.01 0.00 1.50 -0.01
24 62.00 28.30 0.09 9.37 -0.03 0.01 1.51 -0.04
25 64.00 29.22 0.03 9.50 -0.01 0.00 1.53 -0.02
26 68.22 31.14 0.61 9.29 -0.01 0.08 1.49 -0.01
27 72.17 32.95 2.42 8.15 0.00 0.31 1.31 0.00
28 77.00 35.15 3.79 7.26 -0.01 0.48 1.17 -0.02
29 82.28 37.56 5.01 6.49 -0.02 0.63 1.04 -0.03
30 91.67 41.85 5.89 6.20 0.01 0.74 1.00 0.01
31 98.17 44.82 5.86 6.16 0.06 0.74 0.99 0.07
32 102.00 46.57 6.43 6.09 0.08 0.81 0.98 0.11
33 106.83 48.77 6.56 6.05 0.13 0.83 0.97 0.16
34 111.25 50.79 6.73 5.97 0.18 0.85 0.96 0.22
35 119.25 54.44 6.65 5.95 0.27 0.84 0.96 0.33
36 128.50 58.66 7.03 5.94 0.36 0.89 0.96 0.44
37 133.33 60.87 7.00 5.93 0.40 0.88 0.95 0.49
38 141.58 64.64 7.08 5.91 0.45 0.89 0.95 0.56
39 150.25 68.59 7.42 6.03 0.48 0.94 0.97 0.60212
Table A.22 (Continued)
40 155.83 71.14 7.15 5.99 0.48 0.90 0.96 0.60
41 163.00 74.41 7.36 6.06 0.54 0.92 1.00 0.68
42 167.10 76.28 7.22 5.99 0.57 0.90 0.99 0.71
43 173.00 78.98 7.15 5.98 0.59 0.89 0.99 0.75
44 183.50 83.77 7.37 6.02 0.65 0.92 0.99 0.82
45 187.00 85.37 7.43 6.03 0.67 0.93 0.99 0.85
46 191.25 87.31 7.61 6.10 0.70 0.95 1.01 0.89
47 201.00 91.76 7.51 6.02 0.72 0.94 0.99 0.91
48 209.00 95.41 7.58 5.97 0.73 0.95 0.99 0.92
49 213.00 97.24 7.53 5.99 0.76 0.94 0.99 0.95
50 223.00 101.80 7.49 6.00 0.74 0.93 0.99 0.93
51 233.00 106.37 7.67 6.05 0.77 0.97 0.97 0.94
52 237.13 108.26 7.63 6.09 0.78 0.97 0.98 0.96
53 245.00 111.85 7.59 5.99 0.80 0.96 0.96 0.98
54 255.00 116.41 7.64 5.95 0.76 0.97 0.95 0.94
55 262.92 120.03 7.55 6.02 0.79 0.96 0.97 0.97
56 270.00 123.26 7.48 6.07 0.80 0.95 0.97 0.98
57 272.00 124.17 7.13 6.00 0.78 0.90 0.96 0.96
58 274.12 125.14 6.55 3.07 0.75 0.83 0.49 0.93
59 276.12 126.05 5.32 0.69 0.81 0.68 0.11 0.99
60 278.00 126.91 4.18 0.39 0.82 0.53 0.06 1.01
61 280.00 127.83 3.35 0.26 0.80 0.42 0.04 1.00
62 282.00 128.74 2.64 0.20 0.78 0.33 0.03 0.98
63 284.00 129.65 2.42 0.15 0.77 0.31 0.02 0.96
64 287.00 131.02 1.97 0.12 0.75 0.25 0.02 0.95
65 290.25 132.51 1.91 0.10 0.77 0.24 0.02 0.97
66 292.25 133.42 1.87 0.08 0.79 0.24 0.01 0.99
67 294.12 134.27 1.73 0.07 0.78 0.22 0.01 0.98
68 296.37 135.30 1.44 0.12 0.80 0.18 0.02 1.00
69 298.00 136.04 1.27 0.11 0.81 0.16 0.02 1.02
70 301.00 137.41 1.36 0.09 0.76 0.17 0.02 0.95
71 305.00 139.24 0.90 0.07 0.75 0.12 0.01 0.96
72 311.12 142.03 0.91 0.07 0.71 0.12 0.01 0.90
73 316.50 144.49 0.82 0.05 0.67 0.11 0.01 0.86
74 318.63 145.46 0.85 0.04 0.67 0.11 0.01 0.86
75 323.13 147.52 0.60 0.06 0.60 0.08 0.01 0.77
76 327.92 149.70 0.74 0.04 0.57 0.10 0.01 0.72
77 330.00 150.65 0.95 0.08 0.53 0.12 0.01 0.68
78 336.50 153.62 0.78 0.06 0.52 0.10 0.01 0.67
79 344.67 157.35 1.01 0.04 0.48 0.13 0.01 0.61
80 349.62 159.61 0.67 0.04 0.39 0.09 0.01 0.50
81 354.25 161.72 0.46 0.03 0.36 0.06 0.01 0.47
82 361.75 165.15 0.58 0.02 0.36 0.08 0.00 0.48213
Table A.22 (Continued)
83 369.00 168.46 0.61 0.04 0.31 0.08 0.01 0.41
84 374.75 171.08 0.41 -0.02 0.27 0.06 0.00 0.36
85 383.50 175.08 0.52 0.03 0.25 0.07 0.00 0.33
86 395.75 180.67 0.40 0.04 0.22 0.05 0.01 0.29
87 409.25 186.83 0.25 -0.03 0.21 0.03 -0.01 0.27
88 423.00 193.11 0.26 -0.01 0.17 0.03 0.00 0.22
89 431.25 196.88 0.06 -0.02 0.13 0.01 0.00 0.17
90 438.50 200.18 0.42 -0.01 0.14 0.06 0.00 0.18
91 443.67 202.54 0.35 -0.02 0.12 0.05 0.00 0.16Appendix B: Measurement Sensitivity
Table B 1 Sensitivity Test on ICP machine for all three metals
1(
11
1
1L
1
1(
1
1
2(
21
2
23
2
25
2(
2
2
2c
3(
31
3
33
31
35
3
Mean
SE
Ma,
Mm
D/Mean(%
As Cr Cu
1 ppm5 ppm10 ppm1 ppm5 ppm10 ppm1 ppm5 ppm10 ppm
1.3585.28110.1061.0645.51610.0781.1005.0699.946
1.3354.9859.5301.0605.46910.1041.0815.0239.856
1.2595.3119.6051.0515.65810.0641.0665.06210.088
1.3665.0919.8631.0365.65310.0171.0755.0419.926
.3205.26610.0001.0145.56510.0541.0805.04310.043
.2755.3419.8941.0505.6209.9221.0425.0739.923
.2065.3419.8941.0215.5419.9321.0554.9899.883
1.3285.2669.8101.0275.5609.7691.0614.9599.932
1.1385.2359.5221.0335.4889.9461.0575.0229.911
1.0395.11410.1751.0425.5609.8481.0715.02910.032
1.1765.15210.0531.0235.48310.0691.0565.08710.083
1.1685.2359.8791.0175.60810.1821.0655.03610.009
1.4955.28110.0001.0485.60810.0031.1015.0219.891
1.3514.9779.6591.0275.46710.0171.0845.0179.897
12824.99210.0911.0535.46210.1911.0795.0549.928
1.2595.1529.8861.0245.5179.8961.0795.0469.914
1.3285.1449.8791.0345.5829.9561.0665.08610.022
1.2445.2059.8331.0455.49010.0921.0515.0349.914
1.1615.3729.9321.0235.4829.9661.0715.0049.987
1.4265.2439.5601.0265.55110.0171.0704.9809.945
1.1005.2359.8031.0415.5299.9891.0624.9519.989
1.0935.20510.2121.0395.47610.0351.0654.9919.701
1.2445.1299.99210245.4369.9861.0795.0499.945
1.1535.1149.9471.0215.47610.0381.0534.9879.952
1.3055.1599.9541.0805.46710.1151.0995.04410.020
1.2904.9709.4921.0685.46810.0281.0834.9839.954
1.1315.2439.9241.0795.5759.9751.0795.0469.998
1.1845.1149.7501.0245.61410.0011.0805.0459.956
1.2905.1909.7421.0125.59510.0301.0585.0699.960
1.1845.3649.6741.0735.6179.974 .0735.0009.960
1.1085.3799.8331.0655.5619.953 .0545.0699.900
1.4195.4789.7721.0645.5019.837 .0584.9839.840
1.1235.3199.7721.0395.43510.0001.0585.0369.865
1.1765.2969.9921.0365.5269.8791.0675.0229.81
1.2145.1679.9921.0345.48210.0271.0544.97810.068
1.1005.1909.8411.0005.59610.2211.0535.03910.03
1.2405.2099.8571.0395.53410.0061.0695.0279.947
0.1080.1210.1800.0200.0630.0960.0140.0350.079
1.4955.47810.2121.0805.65810.2211.1015.08710.088
1.0394.9709.4921.0005.4359.7691.0424.9519.701
0.0870.0230.0180.0190.0110.0100.0130.0070.008
214